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SUMMARY l !
t t
: |

As part of the DNA MX program, SRI International conducted cxperi-
ments to examine two effects:  the expansion and venting response of the
MN trench to internal loading, and plug/trench interaction. The specitic

objectives of the tirst experiments were to determine the trench expansion

dvnamics and the time of venting for a range of pressure levels, soil
properties, and trench properties and to provide data that could be used
to validate existing calculational models for expansion and venting. The
specific objectives of the second experiments were to study plue/trench

interaction using simple plug models, identifving kev areas for further

study. :i

The approach was to perform several 1/26-scale experiments using .
p-inch-diameter trench models a few diameters long. The pressure pulses :

were generated with an explosively driven shock tube by reflecting the
shock trom a rigid wall at the end of the model trench test section.

Loads trom the shock tube were calibrated using a rigid steel tube in

L

place of the model trench.  The shock tube and model trench assembly

was mounted in a soil bin larpge enough to eliminate soil boundary cof fects,
and soil was packed around the model trench to a scaled depth. A Lucite
window, supported by a steel frame, wias used for the reflecting wall so
that the trench and soil response could be photographed trom the end. One
high-~speed movice camera photographed the end view through the lLucite ;
windov and another photographed the soil surface from the side.  Pressure

gages were mounted in the reflecting wall and in the shock tube ron-up

R

section to measure pressurce at both ends of the model trench test scction,
Force, acceleration, and strain were measured in the plug tests.,
In-trench pressurces ranging from 400 to 3600 psi (2.8 to 24.8 MPa)

were obtained.  Initial tests were pertformed with simple clay drain pipe

trench models.  The main series of expansion and venting tests and the

A more detailed description of the conclusions is piven in Section 5.




plug/trench interaction tests were performed using stecl-tiber-reinforeed
concrete trench models and soil obtained trom the HAVE HOST site on
Luke Alr Force Range, Arizona.  The soil was used at representative

compactions and moisture contents,

Pleven expansion and venting tests were performed. Alone with these
tests, some basic analvses were pertformed to verify the consistencey ot
the data.  Iadividual response tfeatures were treated separatelyv: that is,
in cach analysis certain data wvere used as input and another part ot the
response was calceulated. The response teatures analvzed were:

(1) Trench roof displacement caleulated trom the prossure
measured at the retlecting wall.

() Trench expansion at the springlines and invert caleulated
from the pressure measured at the retlecting wall,

(3) Calibration pressurce at the reflecting wall calceulated
from the pressure measured in the run-up scection of the
shock tube.

(+)  Expansion and venting test pressure at the reflecting wall
caleulated trom the corresponding calibration pressure
and the expansion data.

The scale model experiments and basic analvses showed the following
seneral features of the expansion and venting response of the MX trench
to internal pressure to be independent of loading, geometry, and material

propertics tor the range ot variables studied:

(1) Several longitudinal cracks torm in a civrcumterentially
svimetric distribution in the trench wall alwost immediatoely
atter the arrival ol the shock wave (Ficure H2) .

(2)  rhe expansion ot the trench into the soil is eviindrically
svmmetric until the rarciaction wave returns trom the free
soil surface to the trench roof (Fiyure H3).,

() Atter the svametric expansion phasce, the slus ot rood
tragments moves ottt in the vertical divection with Tittle
or no chanpe ot shape unt il venting occurs.  The soil
above the crown mounds up without much tateral tlow.  The
capansion ot the trench at the sprinclines and tloor con=
tinues to be approsimately svametric (Ficure H o),

&




(+)  Venting bepins at the roof crack nearest the crown,
wvhien the trench rootf has moved to about the level
of the original soil surtace.  In cases where the
root did not crack, no venting was obscrved
(Figure 55).

ey —————

(5) Venting, cven at late times, occurs only directly
above the roof.  The soil mounds up very steeply,

torming a large opening for venting, but the surtace i
is not broken anvwhere celse (Figure 50). ‘ ]
!
(6)  Once venting begins (near the reflecting wall), the {

soil surface unzips along the length of the trench
at about the same rate as the propagation of the
retlected shock wave (Figure 57) .

The tollowing effects of pressure level, soil properties, and trench i
strength and geometry were determined tor the range of variables studled: 4

(1) A higher pressure causces venting to occur sooner and
with less root displacement.  Also, more trench

cracking occurs at higher pressures (Figures 58, ..

Table 3). o
() Soil strength, which is related to soil compaction,

significantly attfects the expansion of the trench 4

below the springlines.  For a given pressure, the

motion of the roof depends primarvily on soil density. k

The moisture content of the soil (s not thought to
have an etfect on ventiny (Figure H9).

(3) Differences in trench streneth and geometry have only
a small etffect on trench expansion, but a sipnificant {
citect on trench cracking and initiation of venting.
Mree plug/trench interaction tests were pertormed. The tirst
test, pertormed with a simple d-inch=long stecel plup in a nonribbed
model trench, provided some initial data on lTeakage and crack propacation :
past a4 stationary plug.  The results ot the test showed that the portion

of the trench surrounding the plue cracked in the tongitadinal direction

and cxpanded with the rest of the trench, providing an open path tfor the

hiivh pressure pas to the back of the plug and suppesting the importance

ot lonpitudinal crackine ot the treonch wall.




The second and third plug tests examined the concept of a leaky
plug that allows blow-by, located upstream of a solid plug that scals
the trench.  The idea behind this concept is that the leaky plug reflects
a portion of the air shock, thereby lowering the load on the solid pluy.
Our approach was to test a simple leaky plug and a simple solid plug
separately.  The results of the test of the solid plug showed that a
solid plug can seal the trench for a load of 200 psi (1.3 MPa) incident
pressure, or one-third the design load. The results of the test with o
leaky plug suggested that a leaky plug connected to o solid plug using

a load=-limiting, energv-absorbing material could be designed to scal the

trench at the 600-psi (4-MPa) design load.
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Conversion factors for U.S. customary
to metric (S1) units of measurement

e e e i
To Convert From i To Multiply By
; angstrom : meters (m} 1. 00u oo X E -10
atmosphere (normal) ) kito pascal (kPa} 101325 XE.2Z
bar ' kilo pascal (kPa) 1000 000 X E »2
bam i meler?' (mz) 1.000 gy X E -2X ,
British thermal unit (thermochemical) ‘ joule (J) 1.054 350 X E 43 !
calorie (thermochemical) ‘ joule (I} 4.184 00
' cal dhermochemical) vm2 mega joule/m2 (MJ ,’m'“)) 4. 183 000X E -2

. curie *ziga becquerel (GBQ) 3 70000 X E 41
degree (anglel radian (rad) 1.745 329X E -2
degree Fahrenheit degree kelvin (K) e s 04 450 6711 S
electron volt b joule () 160219 XE -19
eng joule (J) 1.000 000 X E -7
erg second watt (W) 1,000 000 X E -7
foot meter (m) 3045 e X E -1
foot-pound ~foree . joute (J} 1,385 =1s
b gallon (U8 hiquidy meter3 (ms) 3 TRH12XE -8
' wnch meter un) 2 540 ce X F -2
jerk ' joule (J) 1 o0 gud X F -9
joule kilogram (J kg (radiation dose ‘
absorbed) . Gray (Gy) 1. 000 opp
kilotons terajoules 4 183
C kip (1000 1bf) " newton (N) 4448 222X E 43
kip inch® (ksi) kilo pascal (kPa) 994 75T X E «3
ktap ' newton -second - m"7
(N-s ‘m=t 1.000 000 X E +2
micron meter (md 1 00 ane N E -8
mil ' meter (m) 2.540 000 X E -5
mile (nternational meter (m) 1609344 X E -3
ounce kilogram (kg) L 2834850 X F -2
pound -foree tbs avoinlupors) . newton (N) 4. 49N 222
pound ~force wch newton-meter (N-mi 1. 120 8\~ X E -1
pound -force inch newton meter (N m) 1 1268 X B +2 4
pound —(orve/rnnlg ' kilo pascal (kPa) 4. TRN 20 X E -2
pound -force "mch2 (psn) kito pascal (kPa) 6 884 THT :
pound ~mass (Ibm avoirdaposy . kilogram (kg 4 BRGA9XE ) 1
pound -mass —fnn12 tmoment of inertia kllogmrlv)]—mvwr",
(kg -m=) 4 40T XNE -2
pound -mass Tont“ ' kilogram mmvr"'
(kg mh 1 601 s4n X E 41
rad (radiation dose absorbed) CoseGray GV 1 000 e X E -2
roentgen coutomb kilogram
(3 26879760 X K -4
. shake second (s) Joovn poe X OFoos
slug ' kilogram (k) 14593900 X E «1
L torr timm Hg, 0° ) \l kilo pascal (kPa) 1.I33 22 XE -1 |
I e U S U B R

*The becquerel (Bg) s the Sunit of radioactivity; 1 Bq 1 event s
**The Grav Gy s the ST umt of absorbed radiation.
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L. [NTRODUCTLON

The MX trench concept is a mobile missile launch facility stored
in a long buried concrete trench. As part of the DNA MX program, SRI
International (formerlyv Stanford Rescarch Institute) conducted i I-vear

experimental study of expansion and venting response and of plus/trench

interaction for the MX trench under internal loading. The three main

objectives of the program were to

® Determine the trench expansion dynamics and time
of venting for an appropriate range of pressure
histories, structural propertics, and soil
properties.

L Provide data to validate existine calculational
models for expansion and venting tor an appropriate
range of pressure histories and soil properties.

L Study the phenomenologyv of plug/trench interaction
using simple plug models.

Our approach was to perform 1/26-scale experiments using 6-inch-
diameter trench models. The expansion and venting tests were conducted
with trench models two diameters long. The plug/trench interaction tests
were conducted with trench models six diameters long. Internal pressure
was applied by an explosively driven shoek tube.  The response was photo-
graphed with two high-speed cameras, one viewing the end of the trench
through a Lucite window and one viewing the soil surtace from the side.

Internal pressure was measured at cach end of the test section.  In
addition, for the plug/trench interaction tests, acceleration and foree
were measured in the plup, pressure was measured on the pluy face, and

strain was measured in the concrete trench,

Loads from the csplosively driven shoek tube were calibrated using
a rigid steel tube (allowing no expansion or venting) in place ot the

The first expansion and venting tests were performed with

model trench.

v
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simple (nonreintorced) clay drain pipe trench models.  Here, the objectives

were mainly to test and refine instrumentation, improve hardware, and ob-
tain bounds on trench response,  The main series of expansion and venting
experiments and the plug/trench interaction experiments were performed
using fiber-reinforced concrete trench models and soil obtained from the
HAVE HOST site on the Luke Air Force Range (Arizona). This soll was

used at a representative compaction and moisture content.

Section 2 of this report describes the load simulation method for

the expansion and venting tests, including the shock tube experimental
assembly and the load calibration tests.  An account of the expansion
and venting experiments with clay and iber-reinforced conerete trench
models is presented in Section 3, along with a brief comparison of our
small-scale test data with data from the Air Force Weapons Laboratory
(AFWL) 1/2-scale HAVE HOST Test T-1. Section 4 presents some basic
analvses of trench dynamics and pressure histories and compares the
analvtical results with the experimental data.  Section 3 discusses
our conclusions, based on the experimental and analvtical results from
the expansion and venting tests.  Section 6 describes the plup/trench

interaction experiments.

Appendix A lists all the tests performed and the pertinent parianeters
of cach. Appendix B lists the displacement data for the crown, invert,
and springlines of the trench and of the soil surface for the capansion
and venting tests.  Appendix € describes the fabrication of the trench

models.
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2. LOAD STIMULATION METHOD FOR EXPANSTION AND VENTING TESTS

An explosively driven shock tube was used to simulate the in-trench
pressure historv.,  The experimental assembly used for the load calibration
and the expansion and venting experiments was designed under o previous
contract (DNAOOI-=-76-C-0393). Under the current contract {(DNAOOI-77-C-0232),
we lTabricated the experimental assembly and designed and built a soil bin
for mounting the assemblv.  The soil bin and assembly were set up at SRI's

Corral Hollow bxperimental Site (CHES) near Tracy, California.

2.1 EXPERIMENTAL ASSEMBLY

As shown in Figure 1, the shock tube assembly with a ripgid test
scection that allowed no expansion or venting was used for load cali-
bration tests. Pressure pulses in the 400 to 2600 psi range were pener-
ated by reflecting the shock from the rigid wall at the end of the test

section.  The shock tube was designed so that reflected rarefaction waves

from the end of the explosive driver would not reach the test scection
during the time of interest.  Reference | describes the theroy of ox-
plosively driven shock tubes usced to estimate the magnitude and duration ?

of the pressure produced in the test scction.

The assembly shown in Figure 1 centered around a 12-foot-long steel

tube (6 inches 1D, 9 inches 0D) used previously by SRI as an explosively

1
driven shock tube. A 30-inch-long steel tube with the same diametor
(6 inches ID, Y inches OD) was used as a run-up scetion. A 12-inch-long l
steel test scection was located between the ran-up section and the rigid
end wall., A wvasket was fitted between the 12-toot steel tube and the
J0-inch-tong run-up section to isolate the pressure gages from the tube b

ringing induced by the explosive. The entire experimental assembiv was

’

anchored in a l6=foot-long soil bin, 3 feet high bv 4 fect wide.
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The 12-toot-long tube was loaded tfrom the end awav trom the test

w

section with strands of Primacord, a convenient and incspensive term

ot PETN explosive.  On detonation, an air shock is venerated in the tube.
his air shock propacates throush the run-up and test sections. When v
it reflects from the ricid wall at the end of the test seetion, the re-

tlected pressure increases 6 to 8 times the initial shock pressure.

Dvunamic pressure was measured at the reflecting wall, in the test
section, and in the run-up scetion using PCB quartz pressure transducers
(Model 1T13A03) . The saces were located as shown in Figure T oand listed
in Table 1. The pressures registered by the gages were recorded on

oscilloscopes and on magnetic tape.

2.2 LOAD CALIBRATION TESTS

A square shock wave and a load duration that would be long with
respect to the response time tor the model trench were desired. be toestod
various Primacord distributions and lengths to determine a suitable con-
ticuration. Manv smaller strands of Primacord, unitormly distviboted
in the driver secetion, gave a better pressure pulse than a centered vroup
of strands.  We ultimately chose as standard for all tests a conticuration
using civht strands of Primacord, one strand down the center of the tube
and seven spaced evenly around a d-inch~diameter cirvcle. The Prinacord
strands were held in place with cardboard spacers and a central stecl
rod and were detonated sioultancously from the end awav from the test
scection. A Primacord length of 11 feet was found to provide adequate
load duration.

Figures 2 throurh 6 show the pressure records from five load cali-

bration tests (Tests 12, U3, 14, 23, and 26)., Time t = 0 is detined by
the initiation ot detonation of the explosive.  The tape recorded siynals
were electronically digitized to make these plots and the plots tor the

cxpansion and venting tests (Seetion 3) . A standard format was usad in

S
Produced by the tnsign=bicktord Co., Simsbery, Comnecticut.,
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Table 1 }
r
PRESSURE GACE LOCATIONS ‘
Pressure
~ Gage . lecation o
%
Pl At reflecting wall, 1.25 inches above tube centerline D
p2 At reflecting wall, 1.25 inches below tube centerline
W . . . - . 1
P3 In test section, 4 inches from reflecting wall
P4 In test scction, 8 inches from retlecting wall 4
P> In run-up section, 15,5 inches from reflecting wall :
.
Po In run-up scction, 5.5 inches from reflecting wall, 4

and 180° from P5
+ . e = . : .
pP7 In run-up section 38.5 inches from reflecting wall

Used tor load calibration test only

+ X _ . . .
Lsed for Tests 15, 17, 18, 19, 20, 21, 22, and 23 onlv
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200 -~ g N
Ot B
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TIME — ms

(c) PS5 (15.5 in. FROM
REFLECTING WALL)

NO GAGE

(b) P2 (AT REFLECTING WALL)

NO GAGE

(d) P6 (15.5 in. FROM
REFLECTING WALL)

NO GAGE

e} P7 (38.5 in. FROM REFLECTING WALL)

MA-630/-18

FIGURE 2 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 12

Explosive charge 400 gr/ft
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FIGURE 2 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 12 (Concluded)
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FIGURE 3

(e} P7 (385 in. FROM REFLECTING WALL)

MA-6307-20

PRESSURE RECORDS FROM LOAD C@LIBRATION TEST 13
Explosive charge 800 gr/ft

23




2000 L A B 2000 — — I
"3 o0 _._.._4_._‘>, e e e e e a oo | -
’ o P ,:.J "‘, . * u‘{\.ﬁr‘iu ' b e e e e e e e e e e e e YJJ 1
. . Y ‘ 4 V];V e L, . .?. W)‘L . /
% 1000 e Jb . m. . fl R % 1000 ' Ff? | W ..... u ﬁﬂ
o b RUSSS - R TRNNS b
z 500 I A ‘1,. PN [. .... &J 500 R SRR P R ;
& o TR TR IETE R U PP & e g e e J
0 L_RA"J._L; R l LL 0 M |
1.0 2.0 3.0 4.0 5.0 1.0 2.0 3.0 40 5.0
TIME — ms TIME — ms
(a) P3{4in. FROM REFLECTING WALL) (b} P4 {(8in. FROM REFLECTING WALL

MA-6307-21

FIGURE 3 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 13 (Concluded)
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FIGURE 4 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 14

Explosive charge 1200 gr/ft
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FIGURE 4
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PRESSURE RECORDS FROM LOAD CALIBRATION TEST 14 (Concluded)
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FIGURE 5 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 23 ;
Explosive charge 1600 gr/ft ;
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FIGURE 5 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 23 (Concluded)
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PRESSURE RECORDS FROM LOAD CALIBRATION TEST 26

Explosive charge 200 gr/it
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FIGURE 6 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 26 {Concluded)
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the figures. In cases where a particular gage was not used in a test, the

blank space is marked '"no gage." 1In cases where the digitized records

were not available due to electronic difficulties, the blank space is r

marked "not available." In most of these cases, oscilloscope records are

available, but were not included in this report. ' i
In Test 12 we used eight strands of 50 grain-per-foot (gr/ft)

Primacord in the driver, giving a nominal reflected pressure of 700 psi.

In Test 13, we used eight strands of 100 gr/ft, giving a nominal reflected
pressure of 1100 psi. In Test 14, we used eight strands of 150 gr/ft,
giving a nominal reflected pressure of 2100 psi. In Test 23, we used
sixteen strands of 100 gr/ft, giving a nominal reflected pressure of

2600 psi. The sixteen strands were arranged in pairs, in a configuration

5
| similar to the eight singles, with two pairs down the center of the tube  !
E and seven pairs spaced evenly around a 4-inch-diameter circle. Although :
| we might have obtained a cleaner pressure pulse by further refining the j

Primacord arrangement, we decided that at this stage more could be gained

by proceeding with the expansion and venting experiments.

The Primacord loading densities given in this report are nominal

values. The Primacord manufacturer indicated that nominal and actual ]

loading densities could vary up to 10%. Careful laboratory measurements

were performed on the Primacord used to determine the actual loading '

densities of PETN and of the plastic cover. Table 2 gives the results

of these measurements. 1
|
]
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Table 2 i
i 4
3
ACTUAL PRIMACORD LOADING DENSITIES j
Nominal Loading Loading ;
Loading Density Density
Density of PETN of Cover
Car/f) (er/ft) Ler/ft) .
50 47 45
100 92 61
150 136 66 o

1 grain (gr) = 0.0648 gram




3. EXPANSION AND VENTING EXPERIMENTS

Several small-scale experiments were performed to determine the
trench expansion dynamics and the time of venting for an appropriate

range of pressure histories, structural properties, and soil properties.

5.1 EXPERIMENTAL ASS{MBLY

The sketch in Ficure 7 shows the expansion and venting experimental i

assembly. The l12-foot-long explosively driven shock tube and the i
30~inch-long run-up section are the same as used for the load calibration
tests. For the expansion and venting tests, we used a 12-inch-lonyg,
6-inch-1D model trench as the test section. The assembly was placed in

a soil bin that provided two feet of soil to each side and below the

model trench to eliminate soil boundary effects. For the reflecting wall,

we used a 2-inch-thick Lucite view window, supported by a steel {rame, so

L

that we could photograph the response of the trench from the end.

Pressure waves PlL, P2, P5, P6, and P7, were installed in the re-
flecting wall and in the run-up section. The pressure gage locations
are the same as indicated in Figure 1 and Table 1 (Section 2.1). Pressure
vapges P3oand P4, in the test section, were not used for the expansion and
venting tests,  The pressure readings were recorded on oscilloscopes and 4

magnetic tape,

-~

The response was photographed with two high-speed (Hveam) cameras.
Une viewed the end of the trench through the Lucite window, the other
viewed the soil surface from the side. A photograph of the sctup is

shown in Figure 8.

The soil was packed around the trench model manually, and samples
wore taken to measure the soil densitv and moisture content., A thin

layer of dolomite, usually about 1/4=-inch-thick, was spread over the soil

to provide a white surface for the high-speed photovraphv.  The soil '
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surface was marked with a grid consisting of 1/4-inch-wide black lines,
Joinches center to center, running parallel and perpendicular to the
trench axis.  These grid lines provide contours for determining sarface

motion.

In most of the tests, we used six photo pins to determine the roof
displacement at the crown. These pins were located 1, 3, 5, 7, 9, and
Il inches back from the reflecting wall. VWhen three photo pins were
used, they were located 3, 6, and 9 inches back from the reflecting
wall (Test 30). The pins rested on the trench roof and protruded throuvh
the soil surface.  Fach pin was striped with  3/4-~inch white and 1/4-inch
black pattern. At the top of each pin, a nut from a large bolt was sup-
ported by a thin tape that covered the hole in the nut and rested on the
point of the pin. As each pin accelerated upward it punctured the tape,
and the nut then went into free fall, providing a "fixed" reference

point during the rfew milliseconds of test time.

3.2 PRELIMINARY TESTS WITH CLAY TRENCH MODELS

Five expansion and venting tests were performed using clav trench
models (Appendix A) summarizes the tests). The primaryv objectives of
these tests were to refine the instrumentation, improve the hardware,
and obtain approximate bounds on trench response. Data from three of
these tests (Tests 11, 15, and 16) are included in this scetion.  The

cxpansion data are tabulated in Appendix B.

Figure 9 shows a 12-inch-long clay drain pipe that was used as a
model for the trench.  The clay trench model had a 6-inch 1D and a l-inch .
wall thickness., Two longitudinal 0.9-inch-deep saw cuts of fset 90 degreves
from ecach other and two transverse 0.9-inch-deep saw cuts at the third
points were used to separate the roof blocks.  The clav had a density of

120 Ih/ft ",
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FIGURE 9

CLAY TRENCH MODEL
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Test 11

Test 11 was conducted at a nominal retflected pressure of 700 psi.

Dry Monterey sand was packed around the trench model to a cover depth

e —— -

of 2.0 inches. Another 0.5 inch of dolomite was added, giving a total
cover depth of 2.5 inches. The density of the Monterey sand was

99 Ib/ft’; the density of the dolomite was 100 1b/ft .,

The digitized pressure records for Test 11 are plotted in Figure 10.
Time t = 0 is the time when detonation begins. The corresponding load
calibiation pressure records from Test 12 were shown in Figure 2. A com-
parison of the records from pressure gage Pl at the reflecting wall for
Tests 11 and 12 shows that the pressures are the same for the first
0.40 ms after shock arrival. TFor Test 11 there is a gradual decay in

the pressure at the wall after the first 0.40 ms (compared with the load

calibration test) resulting from expansion of the clay trench.

Figures 11 and 12 show representative frames from the Hycam films
for Test 11. In the end view, the film speed was 9,990 frames per
second. In the side view, the film speed was 9,610 frames per second.
Eleven 1000-watt PAR64 quartz-iodide sealed-beam lights were used to
supply illumination. 1In the end view, the light layer at the soil
surface is the dolomite. In the side view, the reflecting wall is on

the right.

The shock arrived at the reflecting wall at t = 1.80 ms. The
first cracks in the model trench are seen at t = 2.10 ms( Figure 11).
In addition to the two saw cuts that separate the roof, four cracks in
the model trench can be seen in the end view. No trench-to-surface
venting was observed, even when the trench roof had lifted above the

original ground surface.
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FIGURE 10 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 11
Explosive charge 400 gr/ft
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Test 15

Test 15 was also conducted for a nominal reflected pressure of
700 psi. Soil from the HAVE HOST site waw used instead of the Monterey
sand used for Test 11. The soil was compacted to a measured density of
118 1b/ft", at a moisture content of 3.9%. Again, the trench was
covered with 2.5 inches of soil.

The digitized pressure records are plotted in Figure 13, Test

12 1is the corresponding load calibration test (Figure 2).

The flashbulbs did not triceer during this test, but the hish
temperature of the in-trench gases provided enough light to vield sowme
expansion data. The trench roof sections did not crack, and onlyv three
longitudinal cracks formed in the lower portion of the trench. No
venting was obscrved.

Figure 14 shows the recovered trench {ragments from Test 15, In

this test, as in Test 11, the trench rootr failed only alone the precut

v

saw lines. The roof scctions were found within a 100~Toot radius of the

test setup.  The lower portion of the trench fractured inte abont o

dozen major picces and a few smaller frazments.
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FIGURE 13 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 15

Explosive charge 400 gr/ft
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FIGURE 14 TRENCH FRAGMENTS RECOVERED FROM TEST 16

Front of trench 15 at bottom.




Fest 16 was conducted for a nominal retlected pressure of 2100 psi,
Soil from the HAVE HOST site was used with a cover depth of 205 inches.
It was compacted to a measured density of 118 I/t , at o moisture con-

tent ot 3.9 .

Fhe dicitized pressure records are plotted in Fivare 1500 Jest 1L
is the correspondin: load catibration test (Ficure S9). A comparison of
pressure records at o the retlectine wall (P oand P2) Yor fests 16 and 14
shows the pressures to be the same for the first 0.3 ms atter shoek
arrival.  For Test 16, the pressure decaved gradually at the wall atter
the tirst 0U.3 ms (compared with the load calibration test) as a result

ol the expansion and venting ot the model trench.

Figures 16 and 17 show representative frames trom the Hyeeam tiles
for Test 160 In the end view, the film speed was 10,870 trames per
second.  In the side view, the Uilm speed was 10,380 rranes per scoond.
No. 3 Tlashbulbs were used.  As in Test 11, the soil surtace was marked
with a 3-inch square grid.

The shock arrived at the reflecting wall at t = 1,450 ms. The
tirst cracks in the model trench appeared at t = 1.56 ms (Fivure 16,
In addition to the two saw cuts that separate the root, ten oracks in
the model trench can be sceen in the end vicew.  The trench vroor eracked
at the crown, and trench-to-surtface ventine began throush this craeio at
the root crown at t = 2,410 ms (Fiegure 17, At this time, the root had

litted 1.2 inches above its orivinal position.

Six photo pins show the root position in the side vicw.  The tirst
indication ot venting appeared at the pin closest to the retlocting
wall (Fivure 17).  The pin probably provided o path ot feast resistance
for the cases. Byt = 2.8Y ms, venting appearcd over o larce area

(Figure 17). We conclude that the pingat most, only specded up the

venting process.  Later test resalts shown below verity this conclusion.

- =




Another important result in Test 16 was the measurement of the
speed of the pressure wave in the soil.  The cviindrical wave front is
clearly distinguishable in the first two trames of Figure 160 In the
complete tilm, a sequence of five frames shows that the wave front moved
at a constant speed from the roof to the soil surface.  The speed calcu-

lated from the movie data is 465 ft/s 5 ft/s.

The fractured trench showed that the trench roof not only failed
along the precut saw lines, but cach roof scction cracked into many
small pieces.  Four small sections of roof constituting less than one-
third of the total roof were found within a 300-foot radius of the test
setup.  The remainder of the roof was not found. We estimate that the

trench fractured into approximately thirty small picces.
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FIGURE 15 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 16
Explosive charge 1200 gr/ft.
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t= 267 ms

FIGURE 16 HYCAM PICTURES (End View, Test 16
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t = 0ms t - 1.83ms

t 260 ms

t =289 ms t 328 ms

FIGURE 17 HYCAM PICTURES (Side View, Test 16)
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3.3 TESTS WITH FUIBER-REINFORCED TRENCH MODELS

;
Six expansion and venting tests were performed with iber-reinforeed ’
canerete trench models to studv the expansion dvnamics and venting ‘
v

phenomena for a range of pressure histories with tvpical soil and con- !

crete properties.  The concerete trench models, discussed below, were

fabricated at SRIL. Soil from the HAVE HOST test site was used in all
the tests.  The expansion data are tabulated in Appendisx .
Fiber=Reinforcevd Concrete Trench Models

The Alr Force Weapons Laboratory (AFWL) provided drawvinc= o o ¢

current halt-scale AFWL models, from which dimensions for the fi-inch-=1D

model trench were determined.  Tests 17, 18, 19, 20, and 22 wvere per=- ‘
formed using 6-inch-1D, 12-inch-long trench models tfabricated without

internal ribs and having a wall thickness of 0.75 inch (scaled trom the

AFWL models by smearing out the ribs). TFor these trench nodels two

longitudinal 0.56-inch=deep saw cuts offset 110 degrevs from cach other

and two transverse 0.56-inch-deep saw cuts at the third points were used

to separate the roof blocks. A tyvpical trench model is shown in Fileure 1.

A osingle test (Test 30) was performed on a 6—inch-diameter 12-inch-
long, thin-walled ribbed trench.  The thin wall (10=-inch wall, fTull-scale)
is an alternative design from the bascline MX trench design (17-inch wall,
full-scale). The rib dimensions were scaled from the full-size MX trench

desien.  The trench wall thickness was 0.375 inch and the rib height

wias 0.25 inch. The rib spacing was 2.31 inch, the rib width was 0.77 at

the inner radius, and the rib face had an 18-degree cant.  The roof was .
separated with simple longitudinal saw cuts spaced 100 degrees apart. ‘

The tformula used for the fiber-reinforced concrete was gimilar to

that used by AFWEL for I3-inch-diameter models.  The steel tibers are

U.S. steel Fibercon, 0.010 inch in diameter and 0.5 inch Jong.  They

represent about 1.7 of the conerete mix by weiaht (0057 by volume) .

A Tvpe T cement was used to give a Td=day cure time.  The trenches ’,

were poured under vacuum to minimize the namber of air bubhles in the

trench walls.




Fight unconfined compression tests (ASTM C39-64) and five split-
cvlinder tension tests (ASTM C496-71) were pertormed on 3=inch=diarcter,
v-inch-long samples obf the Viber-reintorced conerete atter 14 davs.,

These tests were pertformed by Testing Engineers of Santa Clara, Calitornia.
The compression strength varied from 6590 psi o to 8420 psi oand averaved

7430 psi. The split-cvlinder tension streneth varied from 820 psi to

1010 psi and averaged 900 psi. A failed compression specimen and o

tension specimen are shown in Figure 19.
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Fest 1/
I N . . b . H - H - ¥ . SO 3 70 1
fost 17 was conducted tor g nominal reflected pressure of 700 psi,

he trench was covered with 204 inciies of HAVE HOST soil, compacted to

a4 ceasured density oo 20 Ihre 0 at g codisture content obf 3.3 .

Piloure 20 shows the diciticod pressure records tor Test 1700 Test 12
s the corvesponding foad calibraticn test (Fioure 2). For about 0,4 ms
arter the shoek reaches che redtecting wall, the pressure at PHoin
Test by is the same as 0 the calibration test.  Arter the first 004 ms,
the pressure at PLoin Test 17 decavs more rapidly than in the calibration
test, tirst because of the capansion and later because of both cxpansion
and venting or the trench.

Ihe end=view Hyeam film illustrates the inportant features oib the
response.  Sclected frames are shown in Tigure 210 The 1ilm speed was
9,980 frames per second.  As seen in the film, when the shock wave
reached the reflecting wall at ¢ = 1.70 ns, the longitudinal saw cuts
forming the roof blocks bevan to open up.  Scveral additional eracks
formed almost ifnmediatelv,  (They can be scen casily at t o= 2000 ws.)

The roof cracked in two places, about 10 deerees from the crown on one
side and about 15 degrees on the othero  The walls and floor cracked in
Cive tairly uniformly distributed locations. At t = 3.01 ms, cach
fragment had wmoved principally in the radial dircction, but at t 3Ll om
the roof section had clearly begun Hitting off vertically without chaneinge
its curvature significantly,  The soil above the trench mounded up but

did not compress noticeablv,  Gas jets formed in the sand at cach crack
location, and venting ro the surface first occurred at the cerack nearest
the crawn at aboutl 4.10 ms. By that time, the rool had moved verticatly
about 2.5 inches. Venting in the form of jetting near the crown con-
tinued for an additional 1.0 ms. As late as t = 6,31 ms, venting was
still apparent only near the crown, although the soil was very steeply

mounded and the roof was well above the original soil surface.
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MP-6307-51

FIGURE 18 FIBER-REINFORCED CONCRETE TRENCH MODEL
WITH SAW-CUT ROOF BLOCKS

X! &

:Ix SRRy

MP-6307-52

FIGURE 19 SPECIMENS FROM UNCONFINED COMPRESSION
AND SPLIT-CYLINDER TENSION TESTS
52
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Test 17 was conducted for a nominal reflected pressure of 700 psi.
The trench was covered with 2.3 inches of HAVE HOST soil, compacted to
a measured density of 122 1b/ft ", at a4 moisture content of 3.3, b
Figzure 20 shows the dipgitized pressurce records tor Test 17, Test 12
is the corresponding load calibration test (Figure 2). TFor about 0.4 ms !

arter the shock reaches the reflecting wall, the pressure at Pl oin

Test 17 1s the same as in the calibration test. After the first .4 ms,
the pressure at Pl in Test 17 decays more rapidly than in the calibration
test, first because of the expansion and later because of both oxpansion

and venting of the trench. :

The end-view Hycam film illustrates the important features of the
response.  Selected frames are shown in Figure 21.  The film speed was
9,980 frames per sceond. As scen in the {ilm, when the shock wave
reached the reflecting wall at t = 1.70 ms, the longitudinal saw cuts !

1 forming the roof blocks began to open up. Several additional cracks
formed almost immediately. (They can be secen ecasily at t = 2.20 ms.)
The roof cracked in two places, about 10 dewrees from the crown on one
side and about 15 degrees on the other. The walls and floor cracked in
five fairly uniforwmly distributed locations. At t = 3.01 ms, cach
fragment had moved principally in the radial direction, but at t = 3,71 ms,
the roof section had clearly begun lifting of f vertically without chancing
its curvature significantly. The soil above the trench mounded up but
did not compress noticeably. Gas jets formed in the sand at cach crack

location, and venting to the surface first occurred at the erack nearest

the c¢rown at about 4.10 ms. By that time, the root had moved vertically !
.
? about 2.5 inches. Venting in the form of jetting near the crown con-

tinued for an additional 1.0 mg. As late as t = 6,31 ms, venting was
% stil! apparent only near the crown, although the soil was very steeply

mounded and the roof was well above the original soil surface.
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Selected frames from the side-view Hycam film are shown in Figure 22.
The tilm speed was 10,500 frames per scecond. In this view, both the
photo pins and the soil surface show that the expansion of the trench
was tairly uniform but was slightly preater near the reflecting wall,
This illustrates that the expansion was duce primarily to the reflected
shock wave. Venting occurred first at the reflecting wall; then the soil
surface appeared to "unzip' toward the shock tube. The elapsed time from
the inditiation of venting at the reflecting wall until venting occurred
alonyg the entire 12-inch trench length was about 1.0 ms. (The time re~

quired for the reflected shock wave to travel 12 inches is about 0.67 ms.)

The Test 17 trench fragments that were recovered within a 300-toot
radius are shown in Figure 23. The fragments were placed in their
original relative positions to illustrate the locations of the cracks.
Generally, the cracks run longitudinally and extend over the entire length
of the test section. At the cracks, the steel fibers pulled out of the

concrete but did not break.

54

-




1200 1200 ——
2 1000 21000 [
| 800 | 800 |
T 600 ¥ 600 |-
2 w00 IRRIL | e
« 200 e 200 {1 ot
a. b a S
0 . - o L
1.0 2.0 3.0 40 5.0 1.0
TIME — ms TIME — ms
(a) P1 (AT REFLECTING WALL) (b} P2 (AT REFLECTING WALL) !
1200 (- T
8 1000 |————1— 1= **1-*4*:—4:
| oo [ E I
w — 7] ' t—+ Tl v
NOT AVAILABLE ¥ 600 i ,-
= ! ;
9 400 T 1 N -
L viEnEEEEEEL
£ o
0 | ttﬁ,f I;T | i
1.0 20 3.0 4.0 5.0
TIME — ms
{c) P5{15.5in. FROM (d) P6 (15.5 in. FROM
REFLECTING WALL) REFLECTING WALL)
1200
‘2 1000
| 800
& 600
8 .
@ 400 ,
x 200 ]
a
0
{e) P7(38.5in. FROM REFLECTING WALL)
i
MA-6307-24 1

FIGURE 20 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 17
Explosive charge 400 gr/ft
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FIGURE 22 HYCAM PICTURES (Side View, Test 17
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FIGURE 23 TRENCH FRAGMENTS RECOVERED FROM TEST 17

Front of trench is at bottom.
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Test 18
Test 18 was conducted for a nominal reflected pressure of 1100 psi.
The trench was covered with 2.3 inches of HAVE HOST soil compacted to

a measured density of 122 1b/ft', at a moisture content of 2.67. The
< ’

e —————— L

digitized pressure records are plotted in Figure 24, corresponding to the

calibration pressure records from Test 13 (Figure 3).

Selected frames from the Hycam films are shown in Figures 25 and

26. 1n the end view the film speed was 10,180 frames per second. In

the side view the film speed was 10,370 frames per sccond. The results

T

of Test 18 were qualitatively similar to the results of Test 17 (Figure 20),

with the exception that the roof section in Test 18 cracked in three

places—~-at the c¢rown and on cach side. After initial cracking and svm-
metrical expansion of the trench, the entire roof section moved verticallwv.

Venting first oceurred at 2.7 ns,

initiating at the photo pin nearest the
reflecting wall. Relative to the incidence of the wave at the reflecting
wall, venting in Test 18 occurred about 1.0 ms earlier than in Test 17,

At this time the roof position is obscured

Fal-

where the pressure was 700 psi.
in the film but its displacement is cstimated to be about 1.1 inch.

lowing venting initiation, the soil surface unzipped entirely along the

crown in about 0.70 ms. (The reflected shock wave transit time is about
(.63 ms.) The vent area at the crown became very large as the soil mounded

up steeply. The recovered trench fragments arc shown in Figure 27. Apain,
the recovered trench fragments showed that the cracks generally ran longi-

tudinally along the entire length of the trench model.
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FIGURE 24 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 18
Explosive charge 800 gr/ft
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FIGURE 25 HYCAM PICTURES (End View, Test 18)
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FIGURE 27 TRENCH FRAGMENTS RECOVERED FROM TEST 18

Front of trench is at bottom.
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Ihe purpose of Test 19 was to demonstrate repetabilitv.  The ex-
plosive charge and soil preparation were the same as in Test 18, The
neasured soil density was 122 Wb/t 7, with a moisture content orf 2.8 .
Fhe Hyeoam movies were taken with color 1ilm to see if anv additional

response features were distinguishable in color,

Generally, the pressure and the expansion and the venting responsc
showed good repeatabilitv. The dicitized pressure records for this
test are plotted in Figure 28. When compared with the records for
test 18 (Figure 24), thev show that the pressure at the reflecting wall
in Test 19 was slightly higher. Selected frames from the end view Hvean
for Test 19 are shown in Figure 29. The film speed was 10,130 frames
per second. When these are comparced with the frames from Test 18
(Figure 25), good repeatability of the response is apparent.  One
difference is that, in Test 19, the roof cracked onlv at the crown.
Venting, again initiating at the photo pin nearest the reflecting wall,
is apparent one frame earlier (0.1 ms) in Test 19. The color movies
showed that the venting jets are a combination of hot gas, sovot, and

sand. The recovered trench fragmeats are shown in Fisure 30.

Table 3 compares pertinent measurements for Tests 18 and 19, The

times of arrival were determined from the records of pressure coage P2
at the reflecting wall (Figures 24 and 28). The averave pressures up

to the time of venting in ecach test were also calceulated from the records
of P2, The time of f{irst venting was determined from the movies and is
accurate only to -0.05 ms.  Since the roof position was obscured in the
end view movies, the roof displacements at the reflecting wall at the
time of Yirst venting were estimated by extrapolating the photo pin data
to the reflecting wall. In each test, one sprincline was in clear view

in the movies at the time of venting.
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FIGURE 28 PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 19
Explosive charge 800 gr/ft
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t=247 ms t 296 ms

FIGURE 29 HYCAM PICTURES (End View, Test 19)
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FIGURE 30 TRENCH FRAGMENTS RECOVERED FROM TEST 19

Front of trench is at bottom.
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Table 3
REPEATABILITY OF RESULTS
IN TESTS 18 AND 19 f
|
Test No. :
Measurement 18 19 P
— r
Time of shock arrival (ms) 1.50 1.50 . #
:
Average pressure up to first
venting (psi) 1090 1150 D
Number of longitudinal cracks
(including saw cuts) 10 9
Time of first venting (ms) 2.70 2.60
Estimated roof displacement
at first venting (in.) 1.11 1.13
Measured springline displace-
ment at first venting (in.) 0.82 0.89
'
L

bt o s emDo A _ma
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Test 20

The purpose of Test 20 was to determine the effect of dryv soil on

venting., As in Tests 18 and 19, the nominal reflected pressure was

1100 psi. The trench was covered with 2.3 inches of HAVE HOST soil,

compacted to a density of 124 1b/ft’ at a moisture content of 3.17. The
s0il was then allowed to dry in the sun for 5 davs. At the time of the
test, the top 2 inches of soil had only 0.37 moisture; at a depth of 4
inches the moisture content was 1.97.  In this test we also attempted to
determine the extent to which the photo pins aftect the venting process.
The photo pins normally used to measure roof displacement were not driven

down to the trench roof but rested on plastic supports on the soil surface.

The digitized pressure records from Test 20 are plotted in Figure 31.
Test 13 is the corresponding load calibration (Figure 3). The records in
Figure 31 are essentially the same as those seen in the previous tests

with wetter soil (Tests 18 and 19, Figures 24 and 28).

Selected Hycam frames are shown in Figures 32 and 33. In the o¢nd
view the film speed was 10,280 frames per sccond. In the side view the
film speed was 10,580 frames per second. The films show that the roof
cracked in two places and that first venting occurred about 10 degrees
trom the crown and about 2 inches from the reflecting wall., Venting
began about 0.50 ms later than in Tests 18 and 19, but the time required
to unzip the full length of the trench was the same, leading to the con-
clusion that the pins affect the time of venting initiation but do not
affect the rest of the features of the venting response.  The roof
position at the time of first venting is obscured in the film, but the
displacement is estimated at about 2.3 inches.  The recovered trench

fragments are shown in Figure 34.
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PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 20

Explosive charge 800 gr/ft
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FIGURE 32 HYCAM PICTURES (End View, Test 20}
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FIGURE 33

t=3.60ms

HYCAM PICTURES (Side View, Test 20)
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FIGURE 34 TRENCH FRAGMENTS RECOVERED FROM TEST 20
Front of trench 1s at hottom.
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Test 22 was conducted for a nominal reflected pressure of 2600 psi.
The trench was covered with 2.3 inches of HAVE HOST soil compacted to a
measured density of 118 1b/it’ at a moisture content of 3.67. The
digitized pressure records from Test 22 are shown in Figure 35. Test 23
is the load calibration test (Figure 5). As in previous tests, the
pressure records agree with the calibration records until expansion causes

the pressure to drop.

Selected frames from the Hycam movies are shown in Figures 36 and

37. In the end view the film speed was 10,500 frames per sccond. In the

side view the film speed was 10,700 {rames per second. The trench responsce

was similar to that seen in lower pressure tests, but the expansion was
faster and verting occurred at t = 2.43 ms, only 1.10 ms after the wave
arrived at the reflecting wall. The roof had moved about 1.9 inches when

venting initiated. The recovered trench fragments are shown in Figure 38.
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PRESSURE RECORDS FROM EXPANSION AND VENTING TEST 22

Explosive charge 1600 gr/ft
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FIGURE 36 HYCAM PICTURES (End View, Test 22)
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FIGURE 37 HYCAM PICTURES (Side View, Test 22
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FIGURE 38 TRENCH FRAGMENTS RECOVERED FROM TEST 22

Front of trench is at bottom.



§ Test 30

Test 30 was conducted at a nominal reflected pressure of 400 psi

RSP

with a thin-wall ribbed trench section. This ribbed model trench desiun

was described at the beginning of this section. r,

In this test we attempted to pack the Yuma soil to a wet density
of 132 1b/ft? at a moisture content of 6%. This value corresponds to

the higher soil density specified for the thin-walled trench. We packed

the test section in layers about 3 inches deep by successively dropping

an 8-pound weight (about 10 in.-') from a height of about 1 foot. The

weight was dropped five or six times on each spot; after three or four
blows no additional compaction was noticeable. The measured wet densitv
was about 126 1b/ft’ at 6% water, compared with 132 1lb/ft’ obtained
previously in a Modified Proctor test at the same moisture content.

(In the Modified Proctor test the soil is confined in a 4~inch-diameter
cylinder and is compacted in l-inch layers by dropping a 10-pound weight

twenty-five times from a height of 18 inches.)

Figure 39 shows the digitized pressure records from Test 30. Test 26

is the load calibration test (Figure 6). As observed in our earlier tests,

expansion and venting produce a noticeable decay in pressure.

Selected Hycam frames are shown in Figures 40 and 41. 1n the end
view the film speed was 10,840 frames per second, whereas in the side
view the film speed was 10,140 frames per sccond. The films show that
the roof cracked near the crown and that the first venting occurred ﬂ
through this crack at t = 5.35 ms. The roof displacement at the time of

first venting was 2.0 inches, which again is consistent with the results

of earlier tests.

Figure 42 shows the trench fragments recovered from Test 30. In

addition to the longitudinal cracks observed in earlier tests with smooth ]

wall trenches, there werce a number of circumferential cracks at the ribs.
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FIGURE 40 HYCAM PICTURES (End View, Test 30)
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FIGURE 41 HYCAM PICTURES (Side View, Test 30)
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FIGURE 42 TRENCH FRAGMENTS RECOVERED FROM TEST 30




3.4 COMPARISON WITH HAVE HOST TEST T-1

The T-1 event of the HAVE HOST Test Program was a 1/2-scale test 1
conducted by the Air Force Weapons Laboratory (AFWL) at the Luke Air
Force Range (Arizona). Below we compare some relevant results of the {
1/2-scale T-1 with the SRI 1/26-scale expansion and venting tests. The

data for T-1 are taken from the HAVE HOST T-1 Quick Look Report

(Reference 2).

None of the 1/26-scale model experiments performed by SRI were

designed to be an exact scale model of the T-1 test, so the results

cannot be expected to be identical. However, several important parameters,
such as soil properties, trench properties, and pressure levels were
approximately the same for the cases discussed below. Our comparisons

show that the AFWL and SRI tests produce qualitatively similar results,

and we found no quantitative incounsistencies.

Backfill Soil Properties

The soil used for the SRI experiments was obtained from a designated

location at the HAVE HOST site. Grain size distribution and compaction

*

tests were performed on this soil. A series of soil property tests i
were also performed on soil samples from the HAVE HOST site by the

U.S. Army Waterways Experiment Station (WES). As shown in Figures 43 and

44, our test results agreed well with WES data.

Backfill densities measured for T-1 ranged from 106 to 115 I1b/ft’

with moisture contents from 1.0 to 2.67%. Densities for the SRI tests

_,A A

(except Test 20, the dry soil test) ranged from 117 to 122 1b/ft’ with
moisture contents from 2.6 to 3.9%. The soil cover depth of 2.3 inches
in the SRI tests was a 1/13-scale of the cover depth of 0.75 meters for

T-1. !1

*
The soil tests were performed for SRI by Testing FEngineers, Incorporated,
Santa Clara, Califonria.
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FIGURE 44 COMPARISON OF COMPACTION TESTS FOR HAVE-HOST BACKFILL SOIL




Time of arrival data for T-1 showed seismic velocities between

125 m/s and 172 m/s in the backfill. The observed wave from the end
view film for SRI Test 16 showed a velocity of 142 m/s. (This wave is

not clearly discernible in all the SRI tests.)

Trench and Concrete Properties

The trenches in both T-1 and the SRI tests (Tests 17 through 22)
were constructed of steel-fiber-reinforced concrete. Dimensions for the
SRI trenches were scaled by a factor of 13 from the T-1 dimensions. The
scaled average wall thickness of the ribbed T-1 trench was used in the

straight-walled trenches fabricated for the SRI tests.

Unconfined compression tests were performed for the T-1 concrete
after 28 days of curing and on the test day. Cylinder strengths varied
from 5200 to 6900 psi. For the SRI concrete, unconfined compression
tests were performed after 14 days of curing (a lé-day Type TII cement
was used in the SRI concrete). Cylinder strengths varied from 6590 to

8420 psi.

Wall Expansion

The wall expansions at the springlines were compared for SRI Test 17
and a T-1 station having a similar in-trench pressurce history.
Figure 45(a) shows the pressure history, with time scaled by a factor of
13, for T-1 at a range of 48.5 meters. Figure 45(b) shows the pressure
history for Test 17 measured at the reflecting wall., The scaled pressurce
for T-1 is similar, averaging 10 to 207 lower than Test 17 during the

first millisecond after shock arrival.

Figure 45(c¢) shows the digplacement at the springline for T-1 at
a range of 49.3 meters, with both displacement and time scaled by a
factor of 13. Figure 45(d) shows the displacement at the springline for
Test 17.  (The T-1 displacement data were developed by twice inteprating
accelerometer records, while the Test 17 displacement data were read

from frames of the end-view Hycam film.) The T-1 data are 107 to 207 lower
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Since the pressure at this location in the T-1

than those from Test 17.

test was also about 10% to 207 lower, the displacement data in the two j
tests are consistent. L
Venting !

i

In Test T-1, venting began near the plug 15 ms after shock arrival. {
Photo pole data 1.5 meters in front of the plug (photo pole 17) suggest l
{

that the roof had lifted 0.34 meter at that time, a distance of about

NS

This is consistent with the results from

.

one~half the soil cover depth.

SRI Tests 18 and 19, where venting began at a photo pin after the roof

had lifted 1.1 inches, also about one-half the soil cover depth. 1t was

not confirmed for T-1 that venting started at a photo pin. In the SRI ]

tests where venting did not start at a photo pin, venting occurred when

the trench roof had moved to about the level of the original soil surface. L
4
Trench Failure
Figure 46(a) shows the crack pattern for an upstream trench section
from Test T-1, and Figure 46(b) shows the trench fragments recovered from 1

Test 17. Both failed trenches show longitudinal cracking near the trench
crown with five to six longitudinal cracks in the lower portion of the

trench. These longitudinal cracks run the entire length of the trench
section in both cases. Moderate circumferential cracking is alSo seen

in the lower portion of the trench in both cases.

P2
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4, ANALYTICAL INTERPRETATION OF THE
EXPANSION AND VENTING DATA

To assure the consistency of the data, we performed some basic
analyses, in which we treated response {eatures separately and did not

attempt to calculate the entire response in a single analvsis. That is,

in each analysis certain data were used as input and another part of

the response was calculated. 7The response features analyzed were:

(1) Roof displacement calculated from the pressure
measured at the reflecting wall

%

ts

) Trench expansion at the springlines and invert
calculated from the pressure measured at the
reflecting wall

(3) Calibration pressure at the reflecting wall
calculated from the pressure measured in the
run-up section

(4) Expansion test pressure at the reflecting wall
calculated from the corresponding calibration
pressure and the expansion data.
This section describes the mathematical models used in these analvsces

and compares predicted and measured respounse.

4.1 ROUF DISPLACEMENT

The motion of the roof was calculated to verifv the consistency
of the pressure measurements and the roof displacement measurements., !
A one-~dimensional model was found to be adequate to calculate the dis-
placement of the root up to the original soil surface level,
The mathematical model used to predict the roof displacement is
shown in Fivure 47. [t consists of a partial ring of rveoof material and

cover soil loaded by internal pressurc.  Inertial effects are dominant

over the effects of soil strength.,  The roof/soil ring is assumed to
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to have a constant mass, and material strength is neglected. A kinematic
constraint (consistent with observation) requires both the are of the
ring and the thickness to remain constant,  Thus, as the inside radius
grows, the loaded arca increases and the mass density of the ring de-

creases.  The equation of motion for this model is

dr

2bhr = m
dt

where Pois the pressure, r is the inside ring radius, and m is the mass

ot the ring per unit length.

This model was used to calculate the roof displacement for cach o
the expansion and venting tests. Figure 48 comparces the results of the
calculations with roof displacement measurements taken from the Hveam
movies for tests with peak reflected pressures of 700 psi (Test 17),
1100 psi (Test 18), and 2600 psi (Test 22). The soil displacement tor
Test 17 is also given, indicating that about 0.4 inch of compression
was observed in the soil cover. The correlation of the calculations
with the data enhances the reliability of the pressure and displacement
measurements and indicates that the simple model for predicting root

motion is adequate.

4.2 SPRINGLINE AND INVERT DISPLACEMENT

The trench expansion into the surrounding soil was caleulated to
verify the consisteney of the pressure and displacement data, and also
to confirm the measurement of the soil wave speed trom the movies of
Test 16, The problem was formulated for an axisvmmetric, planc strain
analysic.  Calculations were made with SRE PUFF, o tinite ditterence

computer code capable of analvzing two-dimensional continua undervoing

large deformation (Reference 3).

The trench wall was modeled with tvpical conerete properties,
allowing fracture at carly time followed by rigid bodv translation of
the trench frapments.  The soil was modeled as o Mohr=Coulomb material

without dilatancy. In this model the dilatational response is poverned
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by a variable bulk modulus (K). The distortional response is poverned

by two parameters, the cohesion ¢ and the friction angle ;.

The soil properties were determined from WES's HAVE HOST backiill
uniaxial strain test data (Reference 4), shown in Figure 49, (The soil
used in the SRI experiments was also from the HAVE HOST site.)  In the
calceulations, the loading pressure-=volume path was made to tfollow the

Cimun

S, 7w, eurves shown. For unloading, a bulk modulus cqual to the
loading modulus shown was used.  As shown below, a cood correlation with
the expansion test data was obtained using soil parameters computed trom
WES's lower bound curve for low density soil, the heavy curve in

Figure 49(a), cven though our measured wet soil density was 5 to 107

higher than WES's tow density soil.,

One reason for using the lower bound low density stress-strain
curve is that the bulk modulus computed from that curve, up to about &
vertical strain, agrees with the bulk modulus estimated from the obscerved

wive speed by the elastic relation for a plane wave

cano= 3K = 0 /1 + v (H

where o is the mass density, a is the wave speed, and is Poisson's
ratio. In Test 16 rthe measured wet soil density was 119 1h/re, and
the observed wave speed was 465 1t/s. For a Poisson's ratio o 0,393,
the bulk modulus caleulated from cquation (1) is about 4000 psi.  To
compute the bulk modulus trom the WES data, we first estimated the slope
ol the dvnamic stress path for low density soil [Figure 49 to

be 2/3, providing the relation

(o= ) = 231+ 2 /3] )
P r z t
Next, defining the mean normal stress o~ by - = (- + l‘l)/ﬁ and
m m 4 -
eliminating ~ , we can express ° in terms of
r m 7
= 0,69 (4
n 7
95
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We then used the stress-—strain corve [Pivare 49 | to obtain

ot o PVinatly, we computed as the slope ot the - - CLVe, since
< : i v

in this case Qs the total volumetrice strain, Up to b strain, K hos

s

A4 oconstant vatue of about G350 psic This asrees to within 107 o the X
valoe caleoniated trom the wave spead measurement,

o turther substantiate the cholee ot the tow density seoil data 1or
computinge our soll propertices, we caleulated the trench expansion doae te

the pressure neasured in Test 17 (700 psi neominal) using both the lower
bound Tow density soil data and tac upper bound hich density soil dato.

he values of ¢oand 0 owere taken dirceetly trom the

ot these twe cateulations are shown in Fivure 50, alony with the Test 1)

Clearly, the low density soil data produce a more aveurate en-

results.,
pansion caleulation.

We o then made caleulations of the watl motion using the pressures

amcasured in Test 18 (1100 psi nominal) aond Test 22 (2od0 psi onominal)

with the low density soil data. These calealations are also compared

with the experimental results in Figure 50, Acain, the caleulations

and the esperiments corvrelate well cnouvh to contirm the reliability o

the pressore and eapansion data and indicate that the computational

nmodel s ‘lll\*qll.)[t‘.

A3 CALTBRATION PRESSURE AND SHOCK VELOCHTY

vhe rettected shock pressure and the tocident ond retr fectod shoox

velocitios were cateolated tor one ot the Toad calibration tests (fest

to assure the reliability of those emasurements.  Reterence b odeseribes

the theory usced to caleulate the pressures and velocities. only the

pertinent cquations are repeated here,

fhe initial pressure in the test scection P is 1ao psioand the

particle velocity Y is zero.  Vhe measured incident pressure poin
Fest 13 (Ficare 3 is 200 pusic The shock strensth A ix viven by the

ratio ot the pressures behind and in tront of the shoek tront

Vo

in toros

WEs data. ihe results

!

)




- -t

SLN3IWIOVIdSIA LHIANI NV INITONIYYS G3¥NSYIW ANV GILVINDTVYD 40 NOSIHYIWOD 05 38NSIY
SW — JWIL
05 oY 0¢ 02 ol
T T OX 10
@
\V, o, o
(sd 00¢) L1 1S3L - O
$31143d0Yd 110S ALISNIT HOIH e
7 @) 5
© N\
- 0 (19 0092)
o viva
5 o 2z 1531
Q
{154 00L) ¥ o G
VIVA L1 L1SILN Ty )
- /J. o —~0l
(15d 001 L)
viva
v 8l 1s31
v {tsd 00LL) 81 LS3L
$31143d0dd 110S ALISNIG MO
. 01sdQ0L) L1 LS3L
$31143d0Hd 110S ALISNIQ MO
(1sd 0092) 2Z 1531
S31LH3d0Hd T10S ALISNIT MOT
1 | i 0z

INIWNIOVIASIA TTYM HONIYL

w

98

’




The ratio ot specific heats | for air at constant pressure and constant
volume is taken to be 1.4, The sound speed a, in front of the shock is

l
1188 1t/s and the temperature T is 90°F or 55%0°R. !

The incident shock speed ¢ Is piven by f
2 !
+ . g R . -
.- (‘L’J“M;V) a, = 4080 it/s f_
2 + . :
L 1
where = (y = 1)/, + 1) = 0.167

The particle velocity u) behind the incident shock front is

MU T AL T -

b} R : -
- [(pll + 11)(1 + L-l)]- ‘
The temperature T, behind the incident shock frout is

R

1+ Llpql)
12 = PZI’“Ii';‘B;i"TI = 1777°R

The sound speed a, behind the incident shock front is
T
”2 = ;xL I- = 2130 ft/s
1
The reflected pressure Py is given by
Pe = - T B,y = 1100 psi
J

and Pe,y = PS/P‘ = 5.0
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>. CONCLUSTONS FROM THE EXPANSTON AND VENTING TESTS

several vonclusions recarding trenehr expansion dyvnamics and the

5.1 TRENCH EXPANSTON DYNAMICS

The tollowing veneral features of the response of the MN trench

to internal pressurce appear to be independent orf loadine, ccometry,

miterial properties for the range of variables studied.

(1) sScveral longitudinal cracks form in a circumterentially

svaimetric distribution in the trench wall almost im
mediately (within 0.3 ms) atter the arrival of the
shock wave.  Figure 52 shows the crackine patterns ob-

served in Test 17.

(t = 2.20 ms, Test 17)
MP-6307-158

FIGURE 52 TRENCH CRACKING PATTERN
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1)

(6)

Jhe expansion of the trench into the soil is
cvliindrically svometric until the raretfaction wave
returns from the tree soil surtface to the trench

roof. Ficure 53 illustrates this phenomenon as
observed in lest 17,0 In this illustration, the

shock wave arrives at the reflecting wall at 1.7 ms,
and the trench begins to expand svanmetrically, Based

on g osoil wave speed of 465 t/s (observed in Test 16),
the pressure wave in the soil reaches the surface about
0.55 ms later, atfter which the soll surtface berins to
move also.  Atrter another 0.45 ms the reliei wave from
the soil surtface reaches the crown, ending the symmetric
phasce of the expansion.

After the svmmetric expansion phase, the slug of roof
frazments moves off in the vertical dircetion with

little or no chanze of shape until venting occurs.

The soil above the crown mounds up without much lateral
tlow. The expansion of the trench at the springlines

and floor continues to be approximately svmmetric.

Figure 54 illustrates this phase of expansion in Test 17.

Venting begins at the roof crack nearest the crown, when
the trench roof has moved to about the level of the
original soil surface. Initiation of venting in Test 17
is shown in Figure 55. 1In the cases where the roof did
not crack, no venting was obscrved.

Venting, even at late times, occurs only dircctly above
the roof. The soil mounds up verv steeply, forming a
large opening for venting, but the surface is not
broken anvwhere else. This phenomenon is illustrated
in Figure 56, again for Test 17.

Once venting bogins (near the reflecting wall), the
s0il surface unzips along the length of the trench at
about the same rate as the propagation of the reflected
shock wave. This phenomenon as observed in Test 17, is
illustrated in Figure 57. (The unzipping phenomenon
was difficult to observe with short test sections,
especially at the higher pressures: tests with lonuer
sections are needed to verify this response teaturce.)
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FIGURE 54
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(t = 4.20 ms, Test 17)
MP-6307-15D

FIGURE 55 INITIATION OF VENTING AT CRACK NEAREST CROWN

(t = 6.30 ms, Test 17)
MP-6307-68

FIGURE 566 LATE-TIME VENTING




t=450ms

t=4.95ms
MP-6307 168

FIGURE 57 UNZIPPING PHENOMENON (Test 17)
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3.2  EFFECT OF PRESSURE

Fhe principal effect of higher pressure is to specd up the response.
In addition, trends were noted with resgpect to trench travmentation and

venting.

The venting trend is illustrated in Figure 58, where the time of
venting and roor displacement at time of venting are plotted acainst
pressure for the expansion and venting tests (Tests 17, 18, 19, 20,

22, and 30) and the plug/trench interaction test (Test 21, described in
Section 6). For this series of tests, a higher pressure caused venting

to occur sooner and with less roof displacement. The pressure for Test 21

is only estimated since no gaye existed at the plug face. The lines

drawn through the data are not fitted curves; they onlv indicate the trend.
The data from Tests 18 and 19 do not lie near the lines. Nven thouvh
Tests 18 and 19 demonstrated repeatability of several measurements, the
venting data from these tests are considered anomalous because venting
initiated at a photo pin.

The effect of pressure on trench fragmentation is illustrated in
Table 5, which lists the number of longitudinal cracks scen in both clav
and reinforced concrete trench models at various pressures.  These data
suzgest that slightly more cracking occurs at higher pressurces.

Table 5
EIFECT OF PRESSURE ON LONGITUDINAL CRACKING

S , Number of Cracks
Nominal Peak NS oA e

~Pressure ~ Clay - Reintforced Concrete ;
400 9 (Test 30, thin-wall ribbed)
800 6 (Test 11) 8 (Test 17)
300 5 (Test 13)
1500 10 (Test 18)
1500 9 (Test 19)
1500 7 (Test 20) !
2400 9 (Test 16)
3000 12 (Test 22) i
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5.3 EFFECT OF SOIL PROPERTIES

For the range of soil propertivs of interest and for the range of

i
pressures studied, analvsis showed soil strensth to significantly aftect i
trench expansion below the springlines,  Soil density has only a moderate :”
effect except indirectly through the soil strength.  That is, more com-—
pacted soil has a higher strength.
For a given pressure, the motion of the root depends only on soil i
!
density. The trench expansion at the springlines and tloor depends on
soil strength.  Using the analvses described in Scection 4.0 and 4.2, and
the pressure measured in Test 17 (700 psi), we calculated the trench cm-
pansion with the upper and lower bound soil properties provided by WES
(Figure 49). The results of the calculations are plotted in Figure HY.
2.0 I [
CALCULATED
CROWN DISPLACEMENT
. LOW DENSITY SOIL
= HIGH DENSITY SOIL
J_ CALCULATED
bd SPRING LINE DISPLACEMENT
; LOW DENSITY {LOW STRENGTH) SOIL
w HIGH DENSITY {(HIGH
< 1.0 STRENGTH) SOIL
-
a ]
@
o
’
0 |
1.0 20 3.0 4.0 5.0
TIME — ms
MA-6307-70
FIGURE 59 COMPARISON OF CALCULATED TRENCH EXPANSION FOR LOW DENSITY
AND HIGH DENSITY BOUNDING SOIL PROPERTIES -3
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The range of the calculated responses indicates the sensitivity of the
expansion to soil compaction at this low pressure.  Further study is

necessary to determine this sensitivity at higher prossures.

The eftect of moisture content on venting is thought to be minimal.
In Test 20, where the soil was dried to about 17 water, venting occurred
later than in Tests 18 and 19, which had the same loading. However, we
attribute the carly venting time in those two tests to the photo pins

and not to the soil differences.

5.4 EFFECT OF TRENCH STRENGTH AND CEOMETRY

Differences in trench strength and geometrv have only a small
effect on trench expansion, but a larger effect on trench cracking and
initiation of venting. This is seen by comparing the results of Tests
15 and 17. The soil used in both tests was from the HAVE HOST site, at
approximately the same moisture content and density. The same explosive
loading was used in both tests. The trench parameters for these tests
are given in Table 6. The clay trench used in Test 15 had thicker walls
and had a higher tensile strength than the fiber-reinforced concrete
trench used in Test 17. The higher tensile strength of the clay is
attributed to the fact it had been fired. Another difference between
the two trenches was that the angle of the root section was 90 degrees

tor Test 15 and 110 degrees for Test 17,

In Test 15, the roof scction did not crack and venting did not

occur, In Test 17, the roof cracked near the crown and venting began

there about 2.4 ms after the shock arrived. In Test 15, five longitudinal

cracks occurred; in Test 17, eight occurred. The oxpansion data for both
tests are plotted in Figure 60. No appreciable difference is scen in

the expansion of the two trenches at the springlines and invert.  The
difference in roof displacement is due to the greater mass (thicker wall,
deeper soil) lifted in Test 15, Thus, the principal phenomena affected
by trench strength and geomecry appear to be trench cracking and venting

initiation. However, further parameter testing s necessary to deter-

mine individually the effects of strength and peometry.
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Table 6

TRENCH PARAMETERS FOR TESTS 15 AND 1/

- . . !
VI._L‘;S_tV _l,?, o l,‘ = L ' / ;
Trench material Clay Reintorced concrete v
Density 120 Ib/re 120 1h 't
Ratio orf inside
radius to thickness 3 !
Root section are 90° Flo
Cover soil depth 205 in. S0 in.
&
Tensile strength 4120 psi 930 psi |
10T pei

£ T
Determined in three-point bending tests.

Determined in split-cvlinder tests.

aAO—T 1 1T 1 T | T 1 1T [ T T T 7T

35— A Crown Displacement, Clay Trench

— @® Springline and Invert Displacement,
30 — Clay Trench

L1

A Crown Displacement, Concrete Trench

)

O Springline and Invert Displacement,

25— Concrete Trench

|

T
!

DISPLACEMENT — in.

2.0 ]
1.5 —
1.0 — .
— !
05 ]
0 \
1.0 1.5 20 2.5 3.0 35 4.0 45 50
TIME — ms
MA 6307 71

FIGURE 60 COMPARISON OF MEASURED TRENCH EXPANSION FOR CLAY AND
REINFORCED CONCRETE TRENCH MODELS (Tests 15 and 17)
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6. PLUG/TRENCH INTERACTION TESTS

Three plug/trench interaction tests were performed.  The tirst test
(Test 21) was performed with a simple d~inch-long steel plug in a4 non-
ribbod model trench. This experiment provided some initial data on

leakage and crack propagation past a stationarv plug.

The sccond and third tests (Tests 35 and 36) were performed on plug
models that were simple, but more realistic. To simulate the desipn
pressure and impulse for these plug tests, we performed an additional
series of load calibration tests.  Two of these load calibration tests
(Tests 34 and 33), correspond to tests on plugs (Tests 35 and 3e) and

are describoed below.

6.1  SIMPLE PLUG/TRENCH INTERACTION TEST (TEST 21)

Test 21 was conducted tor a nominal retflected pressure of 1100 psi

using the same explosive contiguration as calibraticn Test 13 (Sceetion D,

Pressure records from calibration Test 13 are shown in Figure 3. As in
the expansion and venting tests, the input pressure is 4 square wave

(nondecaving) during the S5-ms test time,

The model trench used in Test 21 was the same as the models used
in most expansion and venting tests (6=~inch-1D, 12-inch~long, 0.75=inch-
wall-thickness, and tabricated without internal ribs).  Two longitudinal
0.56-inch-deep saw cuts oftset 100 degrees from cach other and two trans-
verse 0.96=-inch-deep saw cuts at the thivd points were used to separate

the roof block.

The experiment sctup is shown in Figure 61, (The complete small-
scale shock tube assembly and loading technique were deseribed in
Sections 2 and 3.) A 6-inch=diameter, S-inch-lonp steel pluy was in-
serted at the reflecting wall end of the model trench.  The clearance

between the pluy and the trench wall was 0,005 inch.  The face of the
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plug was aligned with the center of the transverse saw cut that formed
the end roof block; the -back of the plug rested against the reflecting

wall.,

As shown in Figure 61, the shock enters from the right, propagates
into the model trench and reflects off the plug face. Three pressure
gages measure the shock pressure in the steel run~up section. Two of
these gapes, P> and P6 were located 11.5 inches upstream of the plug
face. The third gage, P7, was located 34.35 inches upstream of the plug
face (not shown in Figure 61). Two l-inch-wide, 0.5~inch-deep grooves
were machined in the back of the plug to provide a plenum for pressure

gages Pl and P2 behind the plug.

As in the expansion and venting tests, the volume around the model
trench was backfilled with HAVE HOST soil with a trench cover of 2.3 inches.

The soil was compacted to 117 1b/ft°, with a 3.9% moisture content.

The digitized pressure records from Test 21 are plotted in Figure 62.
Gages Pl and P2 at the back of the plug registered over 1000 psi, indi-
cating that considerable blow-by occurred. A comparison of these records
with those from Test 18 at the same loading without a pluyg shows that, at
the reflecting wall, the gross effect of the plug was to chop off the
first 0.7 ms of reflected pressure [compare Figure 24(b) with Figure 62(bh)].
At pages P5 and P6 (the open end of the trench), the effect was to simply

reflect the incident wave about 0.7 ms earlier.

Two high—-speed cameras (Hycams) were used to photograph the response;
one was aimed at the Lucite window at the end of the test section and one
wis aimed at the soil surface from the side. Selected frames from the
Hveam movies are shown in Figures 63 and 64. 1In the end view the film
speed was 10,550 frames per second. In the side view the film speed was
LG, 730 frames per scecond. The films show that the trench expansion at
the reflecting wall was nearly the same as in Test 18, but the entire
process was delaved by the effect of the plug. Venting {irst occurred
at the crown near the plug face at about t = 3,20 ms, .7 ms after the

shock reflects off the plug face. This time is consistent with the time
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FIGURE 62 PRESSURE RECORDS FROM TEST 21
Explosive charge 800 gr/ft
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FIGURE 64 HYCAM PICTURES (Side View, Test 21)
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of venting atter shock reficction seen for the expansion and venting

tests (Figure 58).  The roor section at this location had moved about

2.3 inches.  The recovered trench fragments, shown in Figure 65, indicated
that longitudinal cracks in the rootf, walls, and floor of the trench cs-
tended from end to end.  That is, the portion ot the trench surrounding
the pluy cracked and ecxpanded with the rest of the trench, providing an

open path for the high pressure gas to the back of the plug.

6.2 PLUG MODEL TESTS (TESTS 35 AND 136)

Current candidate plug desipgns combine the concepts of a leaky plug
that allows blow-byv and a solid plug downstream of the leaky plug that
seals the trench to provide a "safe section.” The concept is that the
leaky plug reflects a portion of the air shock, causing the trench to
open up and vent sooner thereby lowering the load on the solid plug.
(The leaky plug in the Martin Marietta design consists of semirigid

batfle plates; in the Boeing design, it is a flexible slotted drag seal.)

Our strategy was to studv first the phenomenology of the plug/trench
interaction with simple pluyg models. Qur test series consisted of
testing a simple leaky plug alone (Test 35) and then a simple solid plug
alone (Test 36). This division leads to a clearer understanding of the
phenomenology associated with cach tvpe of plug.

The MX plug design loading is an air shock with a 600-psi peak
pressure and an exponential decav having a characteristic time of about
Joms at 1/26-scale.  This design toading was used as the desired upstrean
wavetrorm for the leaky plug test.  The desired upstream wavetorm for the
solid plug test was chosen as a 200-psi peak pressure, again with an
exponential decay having a characteristic time of about 3 ms. This
lower pressure accounts for the absence of any load attenuation

mechanisms (i.e., leaky plug) in front of our solid plug model.

Plug Load Calibration Tests

Calibration tests using a rigid steel test scection were performed

at loadings corresponding to both the lTeaky plug and solid pluy tests,
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FIGURE 65 TRENCH FRAGMENTS RECOVERED FROM TEST 21

Front of trench is at bottom.




Figure 66 shows the shock tube assembly modified for the plug load cali-
bration tests. For both wave forms, the explosive charge used was a mix
of PETN and hollow glass microballoons in a S5-inch-diameter cylinder.

(The microballoons lower the detonation pressure in the explosive, thercby
lowering the stress in the driver section of the shock tube.) The charge
was back-detonated in three places. To achieve the correct characteristic
time, we increased the length of the driver section to 24 fect. The aft

end of the shock tube was left open to prevent a second shock reflection.

In calibration Test 33, a 312-g, 5-inch-thick charge of PETN/micro-

balloons was used. The charge standoff distance from the rigid reflecting

wall was 20.5 feet. The pressure records for Test 33 are given in Figure 67.

A 600-psi upstream waveform with a decay similar to the desired pressure-
time history for the leaky plug test was generated. The upstream (indicent)
waveform can be seen in the records from gages P3 through P7. At the wall,

the reflected pressure was 3600 psi (gages Pl and P2).

In calibration Test 34, a 78-g, 1.25-inch-thick charge of PETN/
microballoons was used. The charge standoff distance from the rigid
reflecting wall was 20.5 feet. The pressure records for Test 34 are
given in Figure 68. A 180-psi upstream waveform similar to the desired
pressure—time history for the solid plug test was generated. The up-
stream (incident) waveform can be seen in the records from gages P3 through

P7. At the wall, the reflected pressure was 10006 psi (gage Pl and P2).

Test 35 (Leaky Plug)

The simple leaky plug design is shown in Figure 69. 1t consists of
three rigid aluminum cylinders: a 6~inch-long front cylinder with a
0.15-inch gap between the cylinder outside diameter and the trench rib
inside diameter (the leaky plug), a 10.25-inch-long support shaft, and a
3-inch-long base. This base rested against the rigid end wall of the
shock tube assembly. The plug assembly represents a simple leaky plug
rigidly supported by an "ideal™ solid plug. The weipht of the entire

plug assembly was 33.9 pounds.
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MA-6307-79

FIGURE 67 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 33
312 g of PETN/microballoon at 20.5 ft standoff.
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FIGURE 67 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 33 (Concluded)
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FIGURE 68 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 34
78 g of PETN/microballoon at 20.5 ft standoff.
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FIGURE 68 PRESSURE RECORDS FROM LOAD CALIBRATION TEST 34 (Concluded)

126




LOAD CELL_P10

Pg

’ 0.15 in. GAP

P11

E

36 in.
MA -6307-83

FIGURE 69 PLUG/TRENCH LAYQUT FOR LEAKY PLUG TEST 35
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A do-inch-long fiber-reinforced concrete ribbed trench was used
tor Test 35, The total length of the pluy assembly was 19.25 inches, and
the portion of the trench upstream of the plug face was 16,75 inches lone. ;
The model trench was constructed with scaled MX ribs.  The trench will y
wias 0.375=inch thick (10-inch wall, full-scale); the rib spacing was l
231 inches and the rib height wias 0.25 inches. The rib face had o
18 degree cant.  The inside diameter of the ribs was 6.00 inches.  The

trench rootf was separated with two longitudinal saw cuts spaced 100 deprees

apart. No transverse roof cuts were made. Two unconfined compression
tests (ASTM C39-64) were performed on sample cvlinders of the 1iber-
reinforced concrete mix 42 davs after pouring. Compression streugths of
8580 psi and 8280 psi were obtained. (The trench was 56 davs old at the

time of the plug test).

The soil, obtained tfrom the HAVE HOST site, was compacted to a wet
density of 130 1h/ft at a water content of 9.3 percent. The soil cover ;
was 2.3 inches thick. Photo pins protruding through the soil and resting
on the trench root were used to measure roof motion. The pins were
spaced everv 3 inches and for future reference were numbered consecutively

starting tfrom the rigid end wall of the test section (Figure 69).

The explosive charge for Test 35 was identical to that used in

calibration Test 33 (312-g¢ of PETN/microballoons in a 5-inch-diameter,

_ . N ]
5—inch-long c¢vlinder). The charge standoff distance from the plug face
was 20.5 feet, the same as the standoff distance from the reflecting wall
b
in the load calibration test. ﬂ
Figure 70 shows the pressure in the steel run-up scction for Test 35, ,
!

Two pressure gages (P5 and P6) are located 20 inches upstrean from the
pluy face, 180 degrees apart. One pressure page (P7) is located 43 inches

upstream from the plug face. Comparison of these gage records with those

from load calibration Test 33 (Figure 67) shows verv good agreement in the

incident waveforms. (The run-up distances between gages PS5, PH, and Py
and the pluy face or reflecting wall differ slightly between Tests 33 and
35 because the inserted rigid steel tube used for the load calibration

tests did not mateh the lTength of the trench run-up to the plug face).
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FIGURE 70 PRESSURE IN RUNUP SECTION FOR LEAKY PLUG TEST 35

312 g of PETN/microbalicon at 20.5 ft standoff.




I'wo pressure gaves (P8 and P9) were located on the leaky plug face,
1.25 inches above and below the plug centerline.  Two pressure zages
(PO and P11) were located on the support base, 2.0 inches above and
below the plug centerline. A load cell was fitted between the plus

support shatt and the base to measure the load transmitted te the base.

Fivure 71 shows the pressure and load cell records from Test 35.
Comparison of P8 and P9 on the plug Tface for Test 35 with Pl and P2 on
the reflecting wall in the corresponding load calibration Test 33
(Figure 67) shows the initial reflected pressurce in Test 35 to be a tow
hundred psi lowver and to have a faster decay rate.  The initially lower
relected pressure is probably due to rib drag in the last 16,75 inches of
run-up to the plug face (no ribs were present in the calibration test).
We attribute the faster decay time to expansion and then venting ot the
trench run-up section.

Poor records were obtained with both P10 and P11 in the plug basc

(Figure 71). Post-test examination showed that the cable to P10 had been

pinched, probably at t = 3.85 ms, as indicated in Figure 71, resulting in

a larye baseline shift. The pregsure record for P11 alse shows a bascline

shift, as indicated by the negative pressure after t = 8 ms,  The apparent
precursor in Pll, scen at t = 3,135 ms, was not observed in P1O. 1t s
probably not o real oressure sisnal but, rather, a bascline shitt conscd
by structural rionging throush the aluminum plug assemblye On the hasis

of these observations, a shock of about 300 psi appears to have arrived

at the plug base at t = 3,45 ms, or 0.45 ms after the shock reached thn
leaky plue Face.  An interesting obscrvation is that 300 psi o is 10 porcont
of the pressure on the leaky plug tace; also the 0015=-inch cap between

the lTeaky plug outside diameter and the rib inside diametor acoounts tor
1O percent of the cross sectional area of the trench.  Better cable oro-

i

tection and a method for vibration isolation of PLO and P11 <hoald ioprove

the recerds of these cazes in future tests.

Ihe foad cell record (Ficure 71) shows an initial peaw lead of
J1,000 pounds in the support shatt (the 3000-psi pressure on the nluas o

T

Limes ploe tace area is 76,000 pounds) . The later "rincine™ ot the foa
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MA-6307-84
FIGURE 71 PRESSURE AND LOAD CELL RECORDS FROM LEAKY PLUG TEST 35

312 g of PETN/microhalloon at 20.5 ft standoff.
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is caused by stress waves propagating up and down the length of the pluy
assembly (at approximately 0.2 ms round trip transit time) and by the
fact that the plug assembly was not tied down to the rigid end wall of

the shock tube assembly.

Photographic coverage consisted of two high~speed movie cameras
(Hycams), one viewing the soil surface from the side and one viewing the
end of the trench from behind the Lucite reflecting wall. Selected
Hvcam frames are shown in Figures 72 and 73. In the end view, the film
speed was 10,660 frames per second; in the side view, the film speed was
10,390 tframes per second. The accuracy of the times presented in
Figures 72 and 73 is “0.05 ms, mainly because of errors in determining

an exact zero time.

The shock hits the leaky plug face at t = 3,00 ms. By t = 3,66 ms,
the roof in front of the pluyg has lifted 0.4 inch (Figure 72), whereas
no significant expansion has taken place past the plug {(note photo pin 5).

As seen in the end view (Figure 72), the first longitudinal cracks have

propagated past the 3~inch-thick plug base by t = 4.41 ms, which is 0.96 ms

after the shock has reached the face of the plug base. At t = 4.71 ms,
the first venting is seen above the face of the leaky plug (Figure 73).
At this time the trench roof has lifted 2.05 inches at the leaky plug
face. By t = 6.06 ms, the section of the trench upstream of the leaky
plug face has vented along its entire length, whereas downstream of the
leaky plug no venting is seen even at t = 14.14 ms, although by then

(Figure 73), significant downstream expansion is apparent.

Figure 74 shows a plot of the displacement of the trench roof versus
time for Test 35 from the photo pin data. Comparison of the data for
photo pins 6 and 7 shecws the roof displacement directly in tront ot and
behind the plug face (over the leaky plug) to be similar, whercas the

roof displacement behind the leaky plug lags behind (photo pin 2).

Figure 75 is a post-test photo of Test 35. After the test, the loose
soil was blown away with an air hose to expose the trench fragments and
plug for observation. As seen in the figure, the entire plup assembly

has rebounded 2.0 inches from the end wall of the shock tube assembly.
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1t =441 ms

t - 873 ms

MP-6307-86

FIGURE 72 HYCAM PICTURES FROM LEAKY PLUG TEST 3b bnd view




t = 3.66 ms t =471 ms

t =528 ms t = 6.06 ms

t = 8.66 t= 1414 ms
MP-6307-87

FIGURE 73 HYCAM PICTURES FROM LEAKY PLUG TEST 35 {Side View)
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FIGURE 74 PHOTO PIN DISPLACEMENTS FOR LEAKY PLUG TEST 35
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MP-§307-849

FIGURE 75 POSTTEST PHOTOGRAPH FROM LEAKY PLUG TEST 35 (Afier Soul Removat)
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Figure 76 shows the recovered trench fragments from Test 35. Most
of the roof in front of and over the leaky plug was not recovered.

Longitudinal cracks run the entire length of the trench section. A

ey ——————

major circumferential crack is located between the eighth and ninth rib.
For reference, the face of the leaky plug aligns with the upstream face o

of the ninth rib (see Figure 69).

Test 36 (Solid Plug) i

The simple solid plug design and plug/trench layout is shown in
Figure 77. 1Tt consists of five aluminum cylinders sandwiching three
rib-bearing plates. A 0.063-inch-thick neoprene ring is bonded to the
rib-bearing plates, and when the plug is in place, the neoprene bears on )
the rib face providing a seal. Unlike the leaky plug model, the solid
plug is assembled inside the trench. The rib-bearing plates are segmented ';
into 120 degree sections to facilitate assembly. The entire plug assembly
is held together by seven 1/2-inch bolts connecting the front and back
cylinders. The entire plug assembly weighs 33.5 pounds and is 12.35 inchues

long.

A 36-inch-long fiber-reinforced concrete ribbed trench was used for
Test 36. The model trench was constructed with scaled MX ribs. The
trench wall was 0.375 inch thick, the rib spacing was 2.31 inches, and
the rib was 0.25 inch high. The rib face had an 18 degree cant., The in-
side diameter of the ribs was 6.00 inches. The trench root wis not saw-
cut, to match the monolithic trench designs for the plug section of

Tests T=3 and T-5 of the HAVE HOST Program. Two unconfined compression

i

tests (ASTM C39064) were performed on samples of the fiber-reintorceed
concrete mix after 15 days. Compression strengths ot 11,870 psi and
13,930 psi were obtained. At the time of Test 36, the trench was

29 days old.

For Test 36 the plug was supported by the tourth, sixth, and cighth Py
ribs. As the plug was assembled in the trench, an epoxy filler was
placed on the tace of the three bearing ribs.  The plug was pushed

against these ribs, and the cpoxy filled any gaps between plug and trench ;
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FIGURE 76 TRENCH FRAGMENTS RECOVERED FROM LEAKY PLUG TEST 35
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created by the tolerances on plug and trench dimensions. Therefore,

when the epoxy had set, we knew that the plug was bearing equally on all
three ribs. A release agent was placed on the plug so that the plug and
trench were not bonded together. The face of the solid plug was aligned
with the upstream face of the ninth rib (see Figure 77). Thus, 16.25 inches

of trench separated the plug face and the steel run-up section.

The soil used was from the HAVE HOST site and was compacted to a wet
density of 128 1b/ft! at a water content ci &.9 percent. The soil cover
was 2.3 inches thick. As in Test 35, photo pins were used to measure roof
motion. Again, the pins were spaced 3 inches apart and were numbered
consecutively starting from the rigid end wall of the test section

(Figure 77).

The explosive charge for Test 36 was identical to that used in load
calibration Test 34 (78-g of PETN/microballoons in a 5-inch-diameter,
1.25-inch-thick cylinder). The charge standoff distance from the plug
fdce was 20.5 feet. Three pressure gages were located in the steel run-
up section of the shock tube. Two of these gages (P5 and P6) were located

20 inches upstream from the plug face, spaced 180 degrees apart, and one
gage (P7) was located 43 inches upstream from the plug face.

Two pressurce gages (P8 and P9) were located on the solid plug face,
2.0 inches above and below the plug centerline. Two pressure gages

(P1 and P2) were located behind the sulid plug in the rigid end wall

of the shock tube assembly, 1.25 inches above and below the plug centerline.

Figure 78 shows the pressure records from Test 360 No records are
shown here for gages P5 and P7 in the steel run-up section.  Gage PS5 was
recorded on an oscilioscope onty (due to la-k of an available tape channel)
and showed no difference in pressurce from the svametrically Toeated
gage P6.  Because of a damaged cable, no record was obtained for gage P7.

Compar ison of the record from P6 with load calibration Test 34 shows very

good agreement in incident pressurce.
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FIGURE 78 PRESSURE RECORDS FROM SOLID PLUG TEST 36
78 g PETN/microballoon at 20.5 ft standoft
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Comparison of P8 and PY on the plug face for Test 36 with P oand P2
on the reflecting wall in the corresponding load calibration Test 34
(Figure 68) shows the reflected pressure in Test 36 to be lower initiallw
and to have a slightly faster decay rate.  Again, the initially lower
reflected pressure is attributed to the rib drag in the last 16.25 inches
of run-up to the plug face (no ribs were present in the calibration test):
the slightly tfaster decay time is probablv a result of expansion and then
venting of the trench run-up sceotion.  There was no siegnitficant leakage
past the solid plug, and gages P oand P2 behind the plug registered no
measurable pressure (less than 5 psi). Therefore, the records for Pl

and P2 were not included in this report.

Four strain =ages were located downstream ot the pluyg on the outer
trench wall between the second and third rib locations.  As viewed trom
downstream, SGl was located 45 degrees counterclockwise from the invert:
SG2, ) degrees clockwise from the invert:; SG1, 45 degrees counterclockwise
from the crown: and SCG4, 45 degrees clockwise from the crown.  Figure /79
shows the records from these gages (compression is positive).  Comparison
ot the strains between svmmetrically Tocated gages SC1 and SG2 or S03
and 864 shows pood agreement. The initial strain in SCI and SG2 is due
to g slight preload in the trench caused by the bolts holding the end
wall ot the shock tube assenbly din place.s This indicates that the lower
portion ol the trench is carrving the load that clamps the trench in
place, witieh is 1 possible reason why SGL and SC2 registered hivher strains

Jurine the test,

The shocks it toe ploe tace at to= 4025 ms, and the rirst strain
cecurred in the concrete at ot w30 msy the peak strain occurred at
t o= .80 e and o socend smaller peak eccurred at to= 6060 ms. o The
sevond pear oty e doae to o vibration of the plon oon the neoprene scal
which cusiiions the plas on the trench ribs. The peak strain in the
trench obtained by averasing the tour strain recorvds was G100 . In
order to relate this strain to the torce in the trench a posttest static
compression test was pertormed on the trench section behind the plag,

This test showed that at 410 microstrain the conerete is still in the
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FIGURE 79 LONGITUDINAL STRAIN IN TRENCH WALL BEHIND SOLID PLUG (TEST 36)




elastic range and the force in the trench section is 23,500 pounds,
corresponding to a stress in the trench wall of 2900 psi. This peak
force of 23,500 pounds agrees closely with the peak force on the plug
face of 22,600 pounds (a peak pressure of 800 psi times the 28.3 in.
area of the plug face), indicating all load on the plug face was trans-
ferred to the trench. It is also of importance to note that the peak
stress in the trench of 2900 psi is well below the specified design
strength for the concrete trench, which for the various trench designs,

ranged from 6000 psi to 10,000 psi.

Two accelerometers (Al and A2) were located in the back plate of
the plug, 1.0 inch above and below the plug centerline. Figure 80 shows
the records from these accelerometers along with velocity and displacement
records obtained by numerical integration of the accelerometer records.
Although there is substantial ringing in the records, realistic velocity
and displacement records were obtained at least up through the first
positive peak (the positive direction is downstream). A peak velocity
of 50 in./s was reached at t = 4.70 ms and a peak displacement of
0.030 inch was reached at t = 5.40 ms. (A slight baseline correction is
necessary for Al as seen by the early time shift of the velocity and
displacement records.) The later time negative velocity and displacements
are not as accurate as the positive peaks due to the greater effect of

small haseline shifts at later times.

Again, two high-speed movie cameras (Hycams) were used. Selected
Hycam frames are shown in Figures 81 and 82. 1In the end view, the film
speed was 10,330 frames per second; in the side view, the film speed was
10,390 frames per second. The times presented in Figures 81 and 82 are

accurate to *0.05 ms.

The shock arrives at the solid plug face at t = 4.25 ms. By
t = 5.99 ms, a uniform roof displacement can be seen in the upstream
portion of the trench (photo pins 7 through 10, Figure 82). Photo pin
6, downstream of the plug face, yet upstream of the first rib support,

shows a displacement similar to that of the upstream pins. No displacement

is seen in photo pins 1 through 5, downstream of the first rib support.

e ——

-~




r'"""""m"v' . M . _1

2000 (T S S A S S PR SR O D VR S SR SO ~
T’ 1500 — e — -
1000 |[————— ] | :
& 500 ————H aogus B Rwamne e ‘
v 0T — — .
T s —— U = - = :
w -1000 |— — T T T T
3 -1500 —— —— e
< _2000 S R
0 2 4 6 8 10 0 2 4 6 8 10 :
TIME — ms TIME — ms F
(a) ACCELERATION A1 (b) ACCELERATION A2
. % | % L
S 40 | . % — ‘
I 20 T R
> T N i
= 0= T ! . |
8 -20 I | | | ] ; ‘: \ 3
ur [ ~ [ . ] 1 3
Y 40 [\ 7] 1\
, i r'/ I | . Az
-60 | L] ' R A !
0 2 4 6 8 10 0 2 4 6 8 10
TIME — ms TIME — ms
(c) VELOCITY (INTEGRATED (d) VELOCITY (INTEGRATED ]
FROM A1) FROM A2)
¢ 010 T
| 0.05 - 4
E AT - 1 0
: N N |
= IRENAN . N
< RN N ' L\ -
- -0.05 i N , ‘
a L P o ‘ \
% ] , —— —t—f—— N
0 0.10 . l P B R S J | i L
0 2 4 6 8 10 0 2 4 6 8 10
TIME — ms TIME — ms
(e) DISPLACEMENT (INTEGRATED  (f) DISPLACEMENT (INTEGRATED)
FROM A1) FROM A1)

MA-6307-94

FIGURE 80 PLUG MOTION FOR SOLID PLUG TEST 36
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MP-6307-96

FIGURE 82 HYCAM PICTURES FROM SOLID PLUG TEST 36 (Side View)




(The cause of the lesser displacement of photo pin 11 is not known.)

At t = 7.82 ms, venting appears along the entire upstream portion of the
trench almost simultaneously (Figure 82). At this time, the roof at the
plug face has displaced vertically 2.4 inches and the soil downstream

of the first rib support has displaced horizontally about one inch down-
stream, as noted by the position of the base of photo pin 5 (Figure 82).
At t = 8.04 ms, the vented gas has risen high enough to be seen in the
end view (Figure 81). Both the soil and the trench downstream of the

plug remain intact, as seen in the end view at t = 20.63 ms (Figure 81).

Figure 83 shows the displacement of the trench roof for Test 36
determined from photo pin data. The data are given for photo pins 4, 6,
7, and 9. Pins 1 through 4 showed no displacement, and pin 5 showed
only a small displacement due to soil motion since, as described below,

the trench did not fail at the location of pin 5.

Figure 84 shows a posttest photo of Test 36. After the test, the
loose soil was blown away with an air hose to expose the trench fragments
and plug for observation. The lower 180 degrees of the upstream portion
of the trench was approximately in its original position. The soil above
the plug section of the trench was for the most part ejected during the
test. The soil behind the plug was still undisturbed, with photo pins

1l and 2 still in place.

Figure 85 shows the recovered trench fragments from Test 36. A
major circumferential crack occurred at the upstream face of the cighth
rib (the first bearing rib). Longitudinal cracks in the upstream section
of the trench extend past the face of the plug (aligned with the upstream
face of the ninth rib) and stop at this circumferential crack. The trench

downstream of the ecighth rib was intact.

Although Test 36 was conducted at a relatively low pressure, it
demonstrated that a solid plug can seal the trench and that the longi-
tudinal cracking that accompanies the trench breakup can be stopped at
a sealed, loaded rib. A future test at a higher pressure would be use~
ful to bound the upper limit of survival for a solid plug/trench system

and to determine the mode of failure.
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FIGURE 83 PHOTO PIN DISPLACEMENT FOR SOLID PLUG TEST 36
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FIGURE 84

POSTTEST PHOTOGRAPH FROM

1 H0

SOLID PLUG TEST 36 (Atter Sail Removal 1]




MP-6307-99

FIGURE 85 TRENCH FRAGMENTS RECOVERED FROM SOLID PLUG TEST 36
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6.3 CONCLUSIONS
The three experiments described in this section were an initial
step in the study of plug/trench interaction using scale models. The
results of these experiments suggest some conclusions regarding plug/
trench interaction. f
The response in the plug tests strongly suggests that longitudinal f
cracking of the trench walls is a very important phenomenon. In the ’
|

test of the simple 4~inch-long plug (Test 21), the portion of the trench :

surrounding the plug cracked and expanded with the rest of the trench,
providing an open path for the high pressure gas to the back of the "

short plug. This same phenomenon was seen in the leaky plug test

(Test 35) with c¢racks propagating past the plug base. In the solid plug
test (Test 36) the longitudinal cracks stopped at a major circumferential
crack at the upstream face of the first bearing rib, allowing the plug
to hold and seal the trench. This phenomenon of longitudinal cracking

should be considered in future plug and trench designs.

The results of the solid plug test showed that a solid plug can se:l
the trench at a reflected pressure of at least 800 psi. The results of
the leaky plug test showed that for a 600-psi incident pressure (3600 psi

reflected) the pressure behind the leaky plug was around 300 psi. To

seal the trench at the prescribed 600-psi incident pressure design

loading a leaky plug could be connected to a solid plug using a load-

limiting, energy~absorbing material of reasonable dimensions.
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Appendix B
DISPLACEMENT DATA

TEST 11 TRENCH EXPANSION - END VIEW

Displacement (in)

Soil Right Left

Time (s) Surface  Crown Wall Invert Wall
0,000000 0.00 0.00 0.00 0.00 0,00
.001703 0.00 0.00 0.00 0,00 0.00
.002203 .03 .09 .09 .04 .13
. 002504 .07 .19 .23 .17 -
.002804 .23 - .29 .26 .53
.003105 .13 .66 .48 .40 .65
.003405 .70 1.00 .09 .56 .84
.003706 1.01 1.28 .78 .78 -
. 004006 1,36 1.58 .93 .97 -
.004507 2.18 - - - -
.005008 3.43 - - - -

.005308 1,64 - - -




iy -
j

!
!
/
TEST 15 TRENCH EXPANSION - END VIEW }

Displacement (in) t i
e ;
Soil Right Left ” 1
Time (s) Surface ~ Crown  Wall  Invert  Wall P
0.000000 0,00 0.00 0.00 0.00 0.00 ’
.001869 0.00 0.00 0.00 0.00 0.00 i
.002150 .11 .05 .13 12
.002430 .06 .25 .07 .25 .32
.002710 .06 12 .10 .36 .11 51
.002991 .33 .59 .26 .53 .51 .
003271 .52 .81 13 .61 .61
.003551 .76 1.13 .56 .77 .62
.003832 1.11 1.1 .59 .95 .87
.004112 1.50 1.85 .76 1.09 .90
.004393 2,02 2.26 .79 1.18
.00.1673 2,17 1.05 1.25
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TEST 16 TRENCH EXPANSTON - FND VIEW
Displacement (in)

Soil Right Left

Time (s) Surface Crown Wall Invert Wall
0.000000 0,00 0.00 0.00 0.00 0.00
.001565 0.00 0.00 0.00 0.00 0,00
.001841 .01 .22 .17 .26 .22
.002117 .48 .95 .61 .44
.002393 .33 .94 .63 .86 .75
.002670 .91 1.08 1,22 1,09
.0029%46 1.83 1.50 1.48 1.26

o




I
!
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TEST 17 TRENCH EXPANSION - END VIEW l
r
!
3

Displacement (in)

J
Soil Right Left E :
Time (s) Surface Crown _ Wall Invert Wall :
0.,000000 0.00 4,00 0.00 0.00 0.00 : i
.00170:1 0,00 0.00 0,00 0.00 0.00 ‘ Ei
, 002001 ~.00 .11 .07 12 .12
.002305 -,00 .25 .23 .29 .25
.002605 .11 .45 .38 .18 .13
,002906 .33 .70 .53 .68 .57 L
. 003207 .62 1.06 .70 .88 .70 i
,003507 1.03 1.19 .83 1.09 .86
.003808 1.55 1.99 .99 1.28 .95
.001109 2.21 2,55 1.09 1.39 1.08
,00-1.109 1.18 1.51 1,22 .
.001710 1.61 1.29 i
.005011 1.70 1,17 i
.005311 1.82 1.15
,005612 1.87 1.37 ]
b
|
i
i
.
!
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TEST 17 TRENCH CROWN DISPLACEMENT - SIDE VIEW &

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6

0,000000 0.00 0.00 0.00 0.00 0.00 0.00
.001905 0.00 0.00 0.00 0.00 0.00 0.00
.002190 .13 .10 .09 .08 .05 .04
.002476 .30 .26 .21 .18 .15 .11 :
.002762 .49 .47 .41 .35 .32 .25 f
.003048 .79 .74 .68 .60 .55 .51 &

1

.003333 1.18 1.11 .99 .89 .83 .75 ¥
.003619 1.61 1,52 1.38 1.26 1,17 1.12
.003905 2.14 2,02 1.85 1.68 1.55 1.50
.004190 2,77 2,62 2.38 2.18 1.99 1.98
.004476 3.22 2,94 2,65 2.51 2,55
.004762
Pin 1 - 1 inch from reflecting wall
Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall .
Pin 4 - 7 inches from reflecting wall L
Pin 5 - 9 inches from reflecting wall
Pin 6 -11 inches from reflecting wall
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TEST 17 SOIL SURFACE DISPLACEMENT - SIDE VIEW b

PR

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6
0.000000 0.00 0.00 0,00 0.00 0.00 0.00 0
.
3 .001905 0.00 0.00 0.00 0.00 0.00 0.00 ii
.002190 .00 .00 -.03 .01 -.01 .01 ij
.002476 .14 .10 .09 .11 .05 .08 5
b
.002762 .36 .29 24 .30 .20 .24 {
b
.003048 .63 .53 .53 .55 .39 .41 ]
.003333 1.01 .89 .78 .82 .64 .65 |4
1]
.003619 1.44 1.36 1,15 1.13 .95 .92 ‘
|
. 003905 1.96 1.83 1.59 1.51 1.33 1.32 ;
.004190 2,42 2,17 2,00 1.83 1.82 i
.004476 2,57 2,50 2,52 ¥
.004762 &
4
Pin 1 - 1 inch from reflecting wall
Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall
Pin 4 - 7 inches from reflecting wall
Pin 5 - 9 inches from reflecting wall ’
Pin 6 -11 inches from reflecting wall 1]




TEST 18 TRENCH EXPANSION - END VIEW

Displacement (in)

Soil Right Left
h Time (s) Surface Crown __ Wall Invert Wall
0.000000 0.00 0.00 0.00 0.00 0.00
.001473 0.00 0.00 0.00 0.00 0.00 ‘
.001572 .00 -.01 -.04 .02 .01 f:
.001670 .02 .08 .05 .02 .07 gt
.001768 .02 .11 .13 .13 .15 f;
.001866 .01 .17 .18 .23 .20 f
.001965 -.01 .25 .22 .28 .28 52
.002063 .01 .32 .32 .35 .32 ’ﬂ
.002161 .03 .38 .38 .44 .40 |
.002259 .10 .51 .46 .50 .45
.002358 .16 .61 .56 .60 .53
.002456 .28 .76 .65 .62 ;J
.002554 .41 .80 .69 ;
.002652 .54 .85 .78
.002750 .76 .85 .86
.002849 .87 .98 .90 |

.002947 1.14 1.11 1.00




TEST 18 TRENCH CROWN DISPLACEMENT - SIDE VIEW
Displacement (in)
Time (s) Pin 1 Pin 2 Pin 3 Pin &4 Pin 5 Pin 6
0.000000 0.00 0,00 0.00 0.00 0.00 0.00
.001543 0.00 0.00 0.00 0.00 0.00 0.00
.001639 .02 .03 .01 .03 .04 .02
.001736 .06 .06 .03 .05 .05 .02
.001832 .10 .10 .06 .07 .07 .05
.001928 .16 .15 .10 .09 .08 .05
.002025 .23 .19 .13 .13 .13 .07
.002121 .30 .28 .20 .20 .19 .12
.002218 .40 .39 .28 .27 .23 .17
.002314 .49 .47 .36 .33 .29 .22
.002411 .61 .58 .47 .44 .38 .29
.002507 .76 .71 .08 .54 .46 .37
.002603 .91 .83 .67 .64 .55 .47
.002700 1,08 1,00 .80 .75 .66 .58
.002796 1,27 1,18 .95 .88 .78 .67
.002893 1,49 1,40 1.08 1,02 .92 .83
.002989 1.58 1.22 1.18 1.03 .94
.003086 1.38 1.35 1,17 1.11
.003182 1,52 1,30 1.24
.003278 1.43 1.40
.003375 1.59 1,57
.003471 1,77
Pin 1 = 1 inch from reflecting wall
Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall
Pin 4 ~ 7 inches from reflecting wall
Pin 5 - 9 inches from reflecting wall
pin 6 ~11 inches from reflecting wall
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TEST 18 SOIL SURFACE DISPLACEMENT - SIDE VIEW
Displacement (in)
Time (s) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6
0.000000 0.00 0.00 0.00 0.00 0.00 0.00
.001543 0.00 0.00 0.00 0.00 0,00 0.00
.001639 -.03 .01 .01 .11 .01 -.03
.001736 .05 .01 .01 .03 .01 -.,02
.001832 -.03 -.00 .01 .06 .01 -
.001928 .03 .02 .02 .12 -.00 -.01
.002025 .05 .06 .07 .15 .01 -.03
.002121 .16 .14 .14 .19 .05 0.01
.002218 .26 .22 .22 .26 .11 .12
.002314 .33 .36 .36 .29 .18 12
.002411 .48 .43 .41 .46 .24 .24
.002507 - .64 .53 .56 .32 .25
.002603 .76 .63 .68 .37 .28
.002700 .79 .78 .80 .48 .42
.002796 1,04 .92 .90 .66 .50
.002893 1.22 1.18 1.14 .79 .64
.002989 1.30 .91 .81
.003086 1.56 1,13 .97
.003182 o 1.45 1.12
.003278 o 1.3
.003375 1,79
.003471
Pin 1 - 1 inch from reflecting wall
Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall
Pin 4 - 7 inches from reflecting wall
Pin 5 - 9 inches from reflecting wall
Pin 6 -11 inches from reflecting wall
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TEST 19 TRENCH EXPANSION - END VIEW

Displacement {in)

Soil Right Left
Time (s) Surface Crown Wall Invert Wall
0.000000 0.00 0.00 0.00 0.00 0.00
.001382 0.00 0.00 0.00 0.00 0.00
.001481 .02 .02 .03 .02 0.00
.001579 .01 .05 .07 .07 .05
.001678 .04 .12 .10 .12 .12
001777 .02 .17 .16 .25 .16
.001875 .01 .24 .22 .33 .23
.001974 .01 .33 .31 .42 .30
.002073 .04 .42 .37 .53 .38
.002172 .11 .03 .48 .64 .16
.002270 .20 .66 .59 .76 .55
.002369 .31 .80 .65 .83 .09
.002468 .47 .71 .94 .70
.002566 .66 .80 1,03
.002665 1.03 .88 1.135
.002764 .91 1.25
.002863 1.01 1.36
.002961 1.10 1.43
. 003060 1.14 1.52

B
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TEST 19 TRENCH CROWN DISPLACEMENT - SIDE VIEW
Displacement (in)
Time (s) Pin 1 Pin 2 Pin 3 Pin &4 Pin 5 Pin 6
0,000000 0.00 0.00 0.00 0.00 0,00 0.00
.001517 0.00 0,00 0.00 0.00 0.00 0.00
.001612 .00 .02 .01 .01 .01 .00
.001706 .05 .04 .01 .00 .02 -.01
.001801 .08 .08 .03 .04 .04 .01
.001896 .14 .13 .07 .06 .07 .02
.001991 .22 .18 .12 .09 .09 .04
.002086 .28 .25 .19 .14 .12 .08
.002181 .39 .35 . 27 .22 .18 .12
.002275 .50 .47 .37 .31 .25 .17
.002370 .63 .59 .49 .41 .33 .24
.002465 .78 72 .60 .51 .43 .31
.002560 .96 .87 .74 .64 .94 .40
.002655 1.20 1.01 .89 77 .65 .49
.002749 1.46 1.17 1.04 .91 .78 .62
.002844 1,70 1.32 1.21 1,08 .93 .73
.002939 1.48 1.33 1.26 1.07 .84
.003034 1.48 1.46 1.25 .94
.003129 1,67 1.40 1.06
.003223 1.85 1.50 1.20
Pin 1 ~ 1 inch from reflecting wall
Pin 2 - 3 inches from reflecting wall
Pin 3 - 5 inches from reflecting wall
Pin 4 - 7 inches from reflecting wall
Pin 5 - 9 inches from reflecting wall
Pin 6 -11 inches from reflecting wall
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TEST 19 SOIL SURFACE DISPLACEMENT - SIDE VIEW

f Displacement (in) 1
Time (s) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6
0.000000 0.00 0.00 0.00 0.00 0.00 0.00
.001517 0.00 0.00 0.00 0,00 0.00 0.00
.001612 .05 .01 .01 .00 .00 .02 i
.001706 .03 .01 .03 .01 -.01 .04 | §
.001801 .03 .02 .02 .00 .03 .04 ?éi
.001896 .04 .03 .05 .06 .04 .00 ;‘
.001991 .10 .05 .08 .05 .06 .03
. 002086 .14 .09 .09 .06 .09 .06
.002181 .24 .19 .17 .14 .13 .05
.002275 .34 .28 .27 .22 .20 .10
.002370 .48 .39 .37 .33 .27 .18
.002465 .64 .52 .48 .43 .35 .24
.002560 .94 .69 .61 .04 .46 .35
.002655 1.28 .91 .74 .67 D7 .44
.002749 1.12 .95 .83 .70 .56
.002844 1.50 1.26 1.04 .85 .61
.002939 1.72 1.32 1.00 .79 .
.003034 1.05 '
.003129 1.39 f‘
| Pin 1 - 1 inch from reflecting wall
g Pin 2 - 3 inches from reflecting wall
’ Pin 3 - 5 inches from reflecting wall
Pin 4 - 7 inches from reflecting wall
Pin 5 - 9 inches from reflecting wall
Pin 6 -11 inches from reflecting wall
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TEST 20 TRENCH EXPANSION - END VIEW
Displacement (in)
Soil Right Left
Time (s) Surface Crown Wall Invert Wall
a.000000 0.00 0.00 0.00 0.00 0,00
.001460 0.00 0.00 0.00 0.00 0.00
.001557 .04 .04 .06 .08 .07
.001654 .03 .07 .12 .13 .15
.001751 .04 .12 .17 .21 .21
. 001849 .09 .18 .25 .31 .27
.001946 .12 .25 .30 .41 .32
.002043 .20 .37 .35 .52 .43
.002141 .30 .48 .48 .65 .51
.002238 .41 .61 .54 77 .59
.002335 .51 .74 .61 .66
.002433
.002530
. 002627
.002725
.002822
.002919
.003016
.003114
.003211
.003308




TEST 20 SOIL SURFACE DISPLACEMENT - SIDE VIEW

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3
0.000000 0.00 0.00 0.00
.001608 0.00 0.00 0.00
.001703 0.00 0.00 .01
.001797 .01 .02 .03
.001892 .06 .04 .06
.001987 .11 .10 .09
.002081 .21 .17 .11
.002176 .27 .22 .20
.002270 .39 .31 .27
.002365 .61 .50 .42
. 002460 .75 .63 .54
.002554 .90 .76 .64
.002649 1.08 .92 77
.002743 1.28 1.11 .93
.002838 1.49 1.32 1.07
.002933 1.74 1.62 1.29
.003027 2.03 1.94 1.53
.003122 2.34 2.34 1.82

Pin 1 - 3 inches from reflecting wall
Pin 2 - 6 inches from reflecting wall
Pin 3 - 9 inches from reflecting wall

170

| = e

£
t
s
§




TEST 21

TRENCH EXPANSION - END VIEW

Displacement (in)

Soil Right Left
Time (s) Surface Crown Wall Invert Wall
0.000000 0.00 0.00 0.00 0.00 0.00
.001706 0.00 0.00 0.00 0.00 0.00
.001801 .00 .03 .02 .02 -.01
.001896 .00 .02 .03 .09 .06
.001991 .02 .04 .08 .15 .10
.002086 .02 .09 .18 .20 17
.002180 .02 .16 .22 .28 .24
.002275 .04 26 30 .32 32
.002370 .12 .35 38 44 .36
.002465 .15 .40 14 .49 .51
. 002559 .24 .52 65 Ty
.002654 .34 .62 .62
.002749 .47 .74
.002844 .60
.002939 .79
.003033 .91
.003128 1.14
.003223 1,37
.003318 1.54
.003413 1,79
.003507 1.99
.003602 2,27
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TEST 21 TRENCH CROWN DISPLACEMENT -~ SIDE VIEW i

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6 ;
0.000000 0.00 0.00 0,00 0.00 0.00 0.00 ’3
.001397 0.00 0.00 0.00 0.00 0.00 0.00
.001491 .01 0.00 0.00 0,00 0.00 J3.00 j
.001584 .01 0.00 .06 .01 0.00 .03
.001677 .01 .03 .10 .03 .03 .04
.001770 0.0 .06 .16 .10 .09 .10 ;>
.001863 0.00 .10 .20 .15 .13 .14 g'
.001956 .03 .16 .26 .22 .18 .18
.002050 .10 .24 .34 .30 .25 .24 {j
.002143 .15 .32 .44 .42 .36 .35 ii
.002236 .21 .41 .55 .52 .45 .43
.002329 .28 .50 .65 .62 .55 .50
.002422 .38 .63 .80 77 .68 .63
.002515 .52 .77 .98 .92 .81 .74
.002609 .63 .9 1.11 1.08 .95 .87
'] .002702 .74 1.05 1.27 1.25 1.10 1.00
.002795 .88 1.21 1.47 1.44 1.24 1.13
.002888 1.03 1,41 1.66 1.65 1.41 1.27
.002981 1.21 1.59 1.86 1.85 1.56 1.42
.003074 1.40 1.80 2.09 2.08 1.74 1.57 k;
.003168 1.56 1.97 2.31 2.28 1.92 1.74
.003261 1.79 2.20 2.55 2,53 2.12 1.96
. 003354 2.00 2.41 2.78 2.75 2.31 2.15
Pin 1 - over plug (3 inches back from plug face)
Pin 2 - over plug (1 inch back from plug face)
Pjn 3 - 1 inch from plug face
Pin 4 - 3 inches from plug face
Pin 5 - 5 inches from plug face
Pin 6 - 7 inches from plug face
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TEST 21 SOIL SURFACE DISPLACEMENT - SIDE VIEW 3

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6
0.000000 0.0n 0.00 0.00 0.00 0.00 0.00 11
.001397  0.00 0.00 0.00 0.00 0.00 0.00 3
.001191 N .02 .02 0.G0 0,00 0.00 ‘
.001584 .03 .02 .02 .02 0.00 0.00
.001677 .03 .02 .02 .00 0.00 .03
.001770 .06 .02 .C3 .03 .01 .08
.001863 .03 .01 .06 .06 .02 .13
.001956 .00 .00 .12 .15 .08 .15
. 002050 .05 .06 .22 .25 .19 .24
.002143 .10 .12 .33 .39 .27 .30
.002236 .15 .21 .41 .49 .35 .39
.002329 .26 .30 .47 .63 .11 .53
.002422 .37 .39 .69 .82 .59 .60
.002515 .49 .56 .79 .93 .69 .71
. 002609 .63 .65 1.01 1.15 .76 .82
.002702 .72 .78 1.11 1.23 .88 .97
.002795 .84 .91 1.29 1.44 1.05 1.10
.002888 .96 1.17 1.47 1.62 1.22 1.25
.002981  1.22 1.36 1.59 1.78 1.35 1.33 L
.003074 1.50 1.63 1.86 2.04 1.58 1.56
.003168 1.46 1.76 2.08 2.25 1.84 1.84
Pin 1 - over plug (3 inches back from plug face) 4
Pin 2 - over plug (1 inch back from plug face) .
Pin 3 -~ 1 inch from plug face ‘
Pin 4 ~ 3 inches from plug face
Pin 5 - 5 inches from plug face
Pin 6 ~ 7 inches from plug face
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TEST 22 TRENCH EXPANSTON - END VIEW
Displacement (in)

Soil Right Left

Time (s) Surface Crown Wall Invert Wall

0.000000 0©.00 0.09 0.00 0.00 0.00

.001143 0.00 0.00 0.00 0.00 0.00

.001238 0.00 0.00 0.00 0.00 0.00

.001333 .04 .06 .01 .08 .07

.001429 .05 .15 .12 .20 .13

.001524 .05 .25 .24 .34 .29

.001619 .05 .30 .27 .46 .34
.001714 .07
.001810 .13
.001905 .24
.002000 .37
.002095 58
.002190 .76
.002286 1.04
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TEST 22 TRENCH CROWN DISPLACEMENT - SIDE VICW

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3

0.000000 0.0 0.00 0.00
.001308 0.00 0.00 0.00
.G01402 0.00 0.00 .02 ’
.001495 .03 .03 .06 I
.001589 .05 .03 .01 |
,001682 .15 .09 .08 éi
601776 .22 17 .13 ?:
.001869 .34 .25 .17 ‘
.001963 .45 .32 .26
.002056 .62 .48 .41
.002150 .75 .59 .50
.002243 .93 .71 .57
.002336 1.12 .87 .74
.002430 1.33 1.06 .89
.002523 1.53 1.22 1.06
.002617 1.40 1.25
.002710 1.56 1.46 V1
.002804 1.71 '
.002897 1.92

Pin 1 - 3 inches from reflecting wall .
Pin 2 - 6 inches from reflecting wall .
Pin 3 - 9 inches from reflecting wall




TEST 22 SOIL SURFACE DISPLACEMENT - SIDE VIEW

Displacement (in)

Time (s) Pin 1 Pin 2 Pin 3

0.000000  0.00 0.00 0.00
.001308  0.00 0.00 0.00 g
.001402 .02 .01 .03 ff
,001495 .03 .03 .03 3
.001589 .00 0.00 -.05 ;’
.001682 .02 .00 -.03 !
001776 .07 .07 .01 Y
.001869 .18 .12 .05 E
.001963 .27 .21 .08
.002056 .46 .36 .23
.002150 .59 .47 .30 :
.002243 .75 .58 .40 5
.002336 .99 .72 .46 x
.002430  1.24 .93 .63 ]
.002523 1.66 1.13 .78
.002617 1.35 .95
.002710 1.65 1.18 k
.002804 1.45
.002897 1.72

;

Pin 1 - 3 inches from reflecting wall

Pin 2 - 6 inches from reflecting wall
Pin 3 - 9 inches from reflecting wall
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Appendix C p .

FABRICATION OF TRENCH MODELS

The Air Force Weapons Laboratory (AFWL) provided drawings of the

half-scale AFWL models from which dimensions for our 6-inch~ID (1/26-acale)

trench models were determimed. Most of the expansion and venting tests
were performed using 6-inch-ID fiber-reinforced concrete trench models

fabricated without internal ribs. One expansion and venting test and two

of the plug tests were performed with fiber-reinforced concrete models

fabricated with internal ribs.

The formula used for the riber-reinforced concrete was similar to
that used by AFWL for its 13-inch-diameter model. The mixture contains
31.87% cement (by weight), 25.1% No. 20 sand, 25.1% No. 60 sand, 1.7%
steel fiber (U.S. Steel Fibercon), 16.3% water, and a trace of CFR2
(0.1%). A Type III cement was used to give a l4-day cure time. Uncon-
fined compression tests (ASTM C39-64) performed on 3-inch-diameter,
6-inch-long samples of the mixture after 14 days gave compressive

strengths between 6600 and 8400 psi (7400-psi average).

The method for fabricating the trench models without ribs was as
follows: Two coaxial thin-walled Plexiglass tubes formed the mold for

the trench wall. The tubes were held in alignment by fixtures at the

top and bottom; the end fixtures were held together with a threaded rod

-

down the center. The concrete was poured through openings in the top end
fixture. Since the concrete mixture was relatively dry, we found it

necessary to place the concrete mix in a vacuum chamber (approximately

30 torr) for a few minutes after pouring it into the mold to remove
trapped air bubbles. Use of a shake table to remove trapped air and
facilitate proper settling of the concrete mix was discontinued early

in the project because it tended to settle the steel fiber to the bottom

of the mold. After approximately 18 hours of curing in the mold, the




end fixtures were removed and the Plexiglass tubes were withdrawn from
the trench in a hydraulic press. The trenches were then cured in water !
for 14 days. After curing, the roof sections were sawed out. Typically,

the dimensions of the trench models were held to within +0.010 inch. |

The method of fabricating a ribbed trench model was similar.
Segmented rings were attached to the Plexiglass tubes that formed the i
3 inside trench wall. The rings were attached using screws from the in-

side of the tube. After the concrete had cured for 18 hours, the screws

were removed and the tubes were withdrawn as before. The segmented rings

were then removed one at a time.

Our ribbed trenches were made using the alternative thin-wall design
(10-inch-thick-wall, full-scale). The baseline trench design is for a

17-inch~thick wall, full-scale. The thin-wall design specifies a 9000

to 10,000 psi concrete strength. To achieve this high strength without

sacrificing concrete fluidity, we added a fluidizing agent (Melment)

to the mix and lowered the percentage of water to 10%. This mix gave a
compressive strength of 12,500 psi, higher than desired. In future mixes,
a water content of around 13% is suggested to achieve 9000 to 10,000 psi

concrete strength.
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ATTN: Code 1424 Library

Naval Research Laboratory
ATTN: Code 2627
ATTN: Code 4040, J. Boris

Naval Surface Weapons Center
ATTN: Code F3)
ATTN:  Code %23}
ATTN: R44, H. Glaz

Naval Surface Weapons Center
ATTN: Tech Library & Info Svcs 8y

DEPARTHENT OF THE AIR FORCE

Air Force Institute of Technology
ATTN: Library

Air Force Systems Command
ATTN: DLWM

Air force Weapons Laboratory
Air Force Systems Command
ATTN: NTE, M. Plamondon
ATTN: NTES-G
ATTN: SUL
ATTN: NTYV, D. Payton
ATTN: NTED-]

ATTN: NTED-A
ATTN: NTES-S
ATTN: NTEO
ATTN: DEY

Assistant Chief of Staff
Intelligence
ATTN: IN

Assistant Secretary of the Af
Research, Development & Logistics

ATTN: SAFALR/DEP for Strat & Space Sys

Ballistic Missile Office

Air force Systems Command
ATTN: MNNXH, D. Gaqge
ATTN: MNN, W. Crabtree
ATTN: MNNXH, M. Delvecchio
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DEPARTMENT OF THE AIR FORCE (Continued)

Strategic Air Command
ATTN: J. McKinney

Deputy Chief of Staff
Research, Development, & Acq
ATTN: AFRDQI, N. Alexandrow

ATTN: AFRDQI
ATTN: AFRDPN
ATTN: AFRDQA

Strategic Air Command
ATTN: XPFS
ATTN: NRI-STINFO Library

Vela Seismology Center
ATTN: G. Ullrich

OTHER GOVERNMENT AGENCY

Central Intelligence Agency
ATIN: OSWR/NED

DEPARTMENT OF ENERGY CONTRACTORS

Lawrence Livermore National Lab
ATTN: D. Glenn

Los Alamos National Scientific Lab
ATTN: C. Keller
ATTN: R. Sanford

Sandia National Lab
ATTN: ORG 1250, W. Brown
ATTN: A. Chabai

DEPARTMENT OF DEFENSE CONTRACTORS

Acurex Corp
ATTN: K. Triebes
ATTN: J. Stockton
ATTN: C. Wolf

Aerospace Corp

ATTN: Technical Information Services

ATTN: H. Mirels

Agbabian Associates
ATTN: M. Agbabian

Applied Research Associates, Inc
ATTN: J. Bratton
ATTN: H. Auld
ATTN: N. Higgins

Applied Theory, Inc
2 cy ATTN: J. Trulio

Artec Associates, Inc
ATTN: S. Gill

Astron Research & Engineering
ATTN: J. Huntington

Boeing Co
ATTN: Aerospace Library
ATTN: S. Strack

Weidlinger Assoc., Consulting Engineers
ATTN: 1. Sandler
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

California Research & Technology, Inc
ATTN: Library
ATTN: M. Rosenblatt

University of Denver
ATTN: J. Wisotski

Eric H. Wang

Civil Engineering Rsch Fac

University of New Mexico
ATTN: P. Lodde
ATTN: J. Lamb
ATTN: J. Kovarna

General Electric Company—TEMPO
ATTN: DASIAC

H-Tech Labs, Inc
ATTN: B. Hartenbaum

IIT Research Institute
ATTN: Documents Library

J.H. Wiggins Co., Inc
ATTN: J. Collins

Kaman AviDyne
ATTN: R. Ruetenik

Kaman Sciences Corp
ATTN: D. Sachs

Martin Marietta Corp
ATTN: G. Freyer

McDonnell Douglas Corp
ATTN: D. Dean
ATTN: R. Halprin

Merritt Cases, Inc
ATTN: Library

Mission Research Corp
ATTN: C. Longmire
ATTN: G. McCartor

Nathan M. Newmark Consult Eng Svcs
ATTN: W. Hall
ATTN: N. Newmark

Pacific-Sierra Research Corp
ATTN: H. Brode

Pacifica Technology
ATTN: Tech Library

Patel Enterprises, Inc
ATTN: M. Patel

Physics International Co
ATTN: J. Thomsen
ATTN: F. Sauer
ATIN: Technical Library

Science Applications, Inc
ATTN: D. Hove

Weidlinger Assoc.. Consulting Engineers
ATTN: J. Isenberg
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

R & D Associates
ATTN: Technical Information Center

ATTN: J. Lewis
ATTN: A. Kuhl
ATTN: R. Port
ATTN: J. Carpenter
ATTN: P. Haas

Science Applications, Inc
ATTN: R. Schlaug
ATTN: H. Wilson
ATTN: Technical Library

Science Applications, Inc
ATTN: J. Cockayne
ATTN: W. Layson
ATTN: B. Chambers 111

SRI International
ATTN: <C. Colton
ATTN: G. Abrahamson
ATTN: Library
ATTN: D. Johnson

Systems, Science & Software, Inc
ATTN: Library
ATTN: J. Barthel
ATTN: K. Pyatt
ATTN: C. Dismikes

Systems, Science & Software, Inc
ATTN: J. Murphy

Systems, Science & Software, Inc
ATTN: C. Hastings

Teledyne Brown Engineering
ATTN: J. McSwain

Terra Tek, Inc
ATTN: Library
ATTN: A. Abou-Sayed

TRW Defense & Space Sys Group
ATTN: Technical Information Center
ATTN: T. Mazzola
ATTN: N. Lipner

TRW Defense & Space Sys Group
ATTN: P. Dai
ATTN: G. Hulcher
ATTN: E. Wong

Systems, Science & Software, Inc
ATTN: C. Needham
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